










Magnetic materials used in the magnetic recording industry have been developed
for several decades. However, since the areal recording desity is increased to
around 1 Tbit/in2, some new physical challenges have become clear: particularly
the need of using high magnetic anisotropy materials to overcome the super-
paramagnetic effect. The requirement of acceptable signal to noise ratio leads to
a reduction in grain size. In order to maintain thermal stability it is necessary
to increase the magnetic anisotropy K. This leads to unrealistically high write
fields. The main challenge is to reduce the write field, which is being met by
advanced design and the potential use of Heat Assisted Magnetic Recording. In
the meantime, the research on the reversal processes has also attracted much
attention because of the use of ultra-fast technology and also the high speed
of writing and reading processes in recording media. From the theoretical
point of view, an atomistic model can obtain detailed information which is
difficult to obtain from experiments. Also it can break through the limitation
of micromagnetic calculations in ultra-fast processes and thermal effects because
of using a Heisenberg direct exchange model and at the atomic level, especially
studying the interface between two coupled materials. In this thesis, an atomistic
model is used to simulate the properties of magnetic recording media studying
the reversal processes, as well as the exchange coupling, anisotropy and thermal
effects of small magnetic particles. First of all, the inter-granular exchange
coupling is calculated by doping magnetic atoms into the spacing between
magnetic recording grains, and indirectly by adding a capping layer onto the
granular recording layer, to control the exchange coupling and further the
switching field of the magnetic media. This result shows that an optimised
interface exchange parameter is important to reduce the coercivity. Secondly,
the reversal processes of many independent single domain particles is studied,
determining several important parameters such as field, temperature and time
scale, to better understand some critical physical problems in the heat assisted
magnetic recording process. Furthermore, a larger scale atomistic model is used
to simulate the whole heat assisted magnetic recording process in a granular
recording media with grain size distribution, demonstrating the full atomistic
model is capable to simulate a realistic system. Finally, an exchange coupled
composite media is simulated to develop the potential application of this material
in recording media.
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1. Introduction
Magnetism is an important property of nature, and it has been deeply studied
and widely applied for dozens of centuries since it was first recorded by
ancient Greek philosopher Aristotle in 600 BC [2]. In 1819 Oersted found
that an electric current could effect a compass needle [3], which started an
understanding of the relationship between electricity and magnetism. Later,
magnetism applied mostly in electric and magnetic motors. However, nowadays,
magnetic materials are attracting more attention because of application in digital
information storage, such as hard disks. In this chapter, the origin of magnetism
will be introduced, discussing the circular current model of electrons in atoms
and also the concept of spin. Furthermore, the exchange, the anisotropy and other
magnetic properties are discussed. Additionally, ferromagnetism, especially the
perpendicular magnetic materials will be considered because of their important
properties and applications.
1.1 Origin of Magnetism
Magnetism has been studied and used for thousands of years, since people first
discovered the attraction and repulsion between magnetic materials, with the aim
to understand the origin of magnetism [4]. For the atomic magnetism, there are
two sources of magnetism: the orbital angular motion of electrons around nuclei,
and the intrinsic spin moment. The magnetisation is defined as the sum of all the
spin moments. For materials, how the magnetic or spin moments interact with
each other depends on the coupling between atomic spins. Therefore, materials
have different magnetic properties, which can be classified in the following
types [5]: diamagnetism, paramagnetism, ferromagnetism, antiferromagnetism,
ferrimagnetism. Diamagnetism appears in all materials, and is characterised by
the tendency to align opposite to an applied magnetic field. For materials having
uncompensated orbital and spin angular momentums, if these atomic moments
are independent of each other, or the interaction is very weak, such materials
exhibit paramagnetism as shown in Fig. 1.1(a). Such materials do not have a
magnetisation in the absence of an applied magnetic field, but when the field is
on, all the spin moments have the tendency to align in the same direction as the
field. If the intra-atom interaction is strong, the material can be ferromagnetic,
antiferromagnetic, or ferrimagnetic, which depends on the interaction coefficient.
If the interaction parameter is positive, all the spin moments align in parallel
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to lower the energy and the material is ferromagnetic, as shown in Fig. 1.1(b).
Ferromagnetic materials usually have strong spontaneous magnetisation in the
absence of an applied field. It also has many other interesting properties which
will be discussed in the following section.
(a) paramagnetism (b) ferromagnetism
(c) antiferromagnetism (d) ferrimagnetism
Figure. 1.1: Sketches of different types of magnetism.
If the interaction constant is negative, the spin moments would like to align
anti-parallel to maintain the lowered-energy state, which is called antiferromagnetism
shown in Fig. 1.1(c). Antiferromagntic materials do not have net magnetisation
except in a large applied field. If the interaction is negative but the net magnetic
moment is not zero, this is called ferrimagnetism, shown in Fig. 1.1(d). From
the magnetisation point of view, ferrimagnetic materials are like ferromagnetic
materials because both of them have strong spontaneous magnetisation without
an applied field. However, from the origination of the magnetic property,
ferrimagnetism is more like antiferromagnetism, because the interaction parameter
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is negative and the spin moments tend to align anti-parallel to each other. In some
rare-earth transition-metal alloys, such as GdFeCo[6, 7], the magnetisation can be
described by two-sublattice model. In GdFeCo, Gd-Gd interaction and FeCo-
FeCo interaction are positive, but the Gd-FeCo interaction is negative. Therefore,
the rare-earth Gd atoms are aligning parallel and the transition-metal FeCo atoms
are also parallel aligned. These two sublattice are antiparallel to each other, so the
GdFeCo alloy has a ferrimagnetic spin configuration.
1.2 Properties of Ferromagnetic Materials
1.2.1 Hysteresis Loop
Ferromagnetism typically appears in Iron, Cobalt, Nickel and their alloys, also
in some rare earth metals. Ferromagnetic materials have several properties
in common: high saturation magnetisation, Curie Temperature, hysteresis and
magnetic anisotropy [8]. Fig. 4.1 shows a typical hysteresis loop of a ferromagnetic
material. Y-axis indicates the magnetisation of the ferromagnetic materials,
and the X-axis is the applied external field. This M-H curve presents how
the magnetisation is reacting to a varied applied field. Generally, the applied
field is started from the positive maximum value, and then is reduced to zero
and increased in the opposite direction to the negative maximum. Then the
field is recovered to complete the whole loop. Hysteresis means the reaction
of magnetisation of a ferromagnetic material is always slower than the applied
field. There are several critical parameters in a hysteresis loop. Ms is the
saturation magnetisation which is the maximum of the magnetisation, mainly
depended on the number of magnetic moments of the measured sample, Mr is
the remanence which is the value of magnetisation when the applied field is
reduced to zero, and HC is the coercivity which is the field required to reduce
the magnetisation back to zero after it has been pulled to saturation by the
applied field, HC is mainly effected by the magnetic anisotropy. The hysteresis
loop describes many important magnetic properties, as well as some magnetic
dynamics processes, therefore it is the basic magnetic curve studied during the
researching of magnetic materials. In ferromagnetic materials, the hysteresis is
effected by the rotation of magnetisation and the changes in size or number of
magnetic domains. In a single domain particle, the magnetisation rotates in
response to the applied field. Large magnetic particles are devided into small
domains which are magnetised in different directions. Between the domians
there are domain walls, within which the direction of magnetisation rotates from
one domain to another domain. The magnetisation within a domain does not
change, but the wall moves corresponding to the applied field, and this can
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relatively change the domain size.
Figure. 1.2: Hysteresis loop of a typical ferromagnetic material: magnetisation
(M) as a function of applied field (H).
1.2.2 Magnetic Anisotropy
The coercivity is mainly depending on the anisotropy, based upon which the
ferromagnetic materials can be distinguished into soft and hard magnetic materials.
Soft ferrromagnetic materials are used in transformers, inductor cores and
microwave devices because of their low coercivity. Hard materials are more
widely used in magnetic recording media due to their large coercivities. The
magnetic anisotropy is a directional dependence of a ferromagnetic material,
along which the magnetic moments tend to align, also called easy axis. There are
several sources of the magnetic anisotropy: magnetocrystalline anisotropy, shape
anisotropy, exchange anisotropy, surface anisotropy and anisotropy created
by the magnetoelasticity. For a hard magnetic material, magnetocrystalline
anisotropy gives the most contribution to the total anisotropy.
The magnetocrystalline anisotropy involves crystal-field interaction and spin-
orbit coupling. The crystal-field interaction originates from the effect of a
magnetic ion from the electric field of the surrounding neighbouring ions
in a crystal. Because the crystal structure is not spherically symmetric, the
electric field generated by the surrounding neighbouring ions is not spherically
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symmetric, either. This type of electric field is called crystal field, because of
which the energy has a minimum only when the uncoupled electrons occupy
specific positions. Therefore the magnetisation is anisotropic depending on
different orientations through spin-orbit coupling. Spin-orbit coupling is the
dipole interaction between the spin of an electron and the magnetic field generated
by the electron’s orbit motion. For 3d magnets, the orbital moments are
largely quenched, and spin-orbit coupling gives a small distribution to the
leading crystal-field. In rare-earth materials, the orbital moments are usually
unquenched, and 4f charge cloud is strongly coupled with the spin. Heavy
transition-metal atoms combine strong crystal-field interaction and are intermediate
between 3d and 4f atoms.
In ferromagnets, lowest-order or second-order uniaxial anisotropy is usually
used to describe the phenomenological anisotropy. For uniaxial anisotropy, the
anisotropy energy density is defined as following:
Ea
V
= K1sin2θ + K2sin4θ + K3sin6θ (1.1)
Where Ea is the anisotropy energy and V is the volume of the magnet. θ is the
angle between magnetisation and the symmetry axis. K1 is the lowest-order
uniaxial anisotropy constant, and K2 and K3 are the second-order and third-
order uniaxial anisotropy constants, respectively. The first, or the lowest-order
term describes the anisotropy energy has minimum value along the symmetric
axis, and maximum if perpendicular to the axis. This axis is called easy axis in
ferromagnets.
1.2.3 Exchange Interaction
The origins of the exchange interaction is a quantum mechanical effect, depended
on the overlap of the wave functions of electrons. Due to Pauli principle, the
grand-state spin structure is ↑↓. The exchange constant J is defined as half the
energy difference between ↑↓ and ↑↑ states. This is depended on the distance
of two electrons from different atoms and the number of electrons of each atom.
Fig. 1.3 shows the exchange parameter as a function of the ratio of interatomic
distance over the radius of 3d electron shell[4]. It summarised some materials
such as Fe, Co and Ni are ferromagnetic, and some others such as Mn are
antiferromagnetic. The alloys of Fe, Co and Ni are also ferromagnetic. In
ferromagnetic materials, the exchange interaction parameter is positive. In order
to achieve a lowest energy state, the atomic spins in a ferromagnet are aligned
parallel to each other, as shown in Fig. 1.1(b). In this thesis, a Heisenberg direct
exchange model is used, which only considers the short range exchange–the
1. Properties of Ferromagnetic Materials 17
Figure. 1.3: Bethe-Slater curve[4]: the exchange paramter as a function of the ratio
of interatomic distance over the radius of 3d electron shells. The
element with a positve exchange parameter is ferromagentic and a
negative exchange parameter refers to antiferromagnetic.
exchange between nearest neighbours.
1.2.4 Temperature Dependence
At zero temperature, all the atomic magnetic moments are aligned in the easy
axis and thus form the spontaneous magnetisation. When the temperature is
increasing, the atomic magnetic moments will become increasingly disordered
because of the thermal fluctuations and thus the total magnetisation is reduced.
When the temperature reaches a certain point, the magnetisation approaches
zero. This critical temperature point is defined as the Curie Temperature.
Curie Temperature is mainly depending on the intrinsic exchange coupling of
ferromagnetic materials. The thermal fluctuations do not only effect on the
magnetisation, but also reduce the magnetic anisotropy. Therefore, the coercivity
is decreased when the temperature is increasing.
1.2.5 Single Domain Particles
Large magnetic materials can be broken into small domains because of the
magnetostatic energy, which is also called de-magnetising energy. This de-
magnetising field is the field which always tries to opposite the magnetisation in
a magnetic particle. In each domain, the magnetic moments all align in the same
direction while the magnetisation of each domain has different easy axis from
each other and there are domain walls between the domains. Domain walls can
be distinguished into two types according to the way how magnetisation changes
within the wall: Bloch wall, over which the magnetisation is parallel to the
domain wall when changes from one domain to the next one; and Neel wall, over
which the magnetisation rotates within the plane of the domain wall. The energy
of the domain wall involves exchange energy and anisotropy energy in the wall.
However, when the magnetic material size is small, it can not support domains
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structure because of the domain walls energy. Such particles are called single
domain particles, which have high anisotropy and saturated magnetisation. The
critical size of a single domain particle is determined by the competition between
the magnetostatic energy which is depending on the saturation magnetisation
and the domain wall energy. Single domain particles are ideal materials for
magnetic recording media because of their high thermal stability.
1.3 Research Motivation
One of the important applications of magnetic materials is magnetic recording,
which has been developed and attracted much attention for many years. However,
there are still several crucial physical problems unsolved. The first one is the
so-called trilemma in magnetic recording media: readability, writeability and
stability[9]. The coercivity of the single domain particles used as magnetic
recording media is as high as 2-3 Tesla, which is beyond the magnetic field of
the existing magnetic heads. Therefore, to reduce the switching field of the
recording material is a major aim. Additionally, the magnetic moments can
random flip the direction if the magnetic particle is small enough due to the
thermal fluctuations. The time between two random flips is caused by the
thermal fluctuations, according to the Nel-Arrhenius equation:




where τN is the time between two flips, τ0 is the attempt time which depends
on the material but is often taken as 10−11 s , K is the magnetic anisotropy and V
is the particle volume, kB is the Boltzmann constant and T is the temperature in
Kelvin. In order to keep the written information thermally stable up to 10 years
time, KV/kBT must be at least 60 which requires a high anisotropy. Meanwhile,
another important aim is to increase the recording density which requires smaller
particle size. It is a huge challenge to research the competition between these
problems. Moreover, the critical physics behind these problems is still unclear
and worthy of study.
From the point view of theoretical research, there are many works on recording
media by using micromagnetic calculation. However, this method has its
limitations in simulating the small mesh size of nanoparticles, ultrafast spin
dynamics process and thermal effects. Therefore, in this thesis, an atomistic
method is used, based on the Heisenberg exchange model and Landau-Lifshitz-
Gilbert (LLG) equation. By using this method, the dynamics of each atomic
spin moment can be calculated according to an atomic level LLG equation. The
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time scale can also be reduced as short as 10−16s, so some ultrafast reversal
processes can be observed at femtosecond level. The interaction between
atoms is calculated by the Heisenberg exchange model, thus many complex
crystal structures can be modeled rather than only simple cubic crystal. In the
meanwhile, the interface interaction can also been considered into the simulation,
which is a large advantage that micromagnetic calculation is lack of. Direct
physical parameters gained from ab-initio calculation can also be used in the
atomic model to get a more accurate and reasonable result. Furthermore, thermal
effects are also taken into account by using Langevin dynamics, assuming
an effective thermal field into the LLG equation. More importantly, time
dependent temperature effect can be taken account into the calculation, thus an
accurate temperture dependence of magnetic properties can be investigated in
this atomistic model.
1.4 Thesis Outline
In the following chapters, first of all, Chapter 2 will introduce the detailed method
of atomistic modelling, including the method to integrate the LLG equation,
the spin Hamiltonian including exchange, anisotropy, applied field, and thermal
effect. The Hamiltonian of the materials used as recording media is also discussed
later. Following this, we use the atomistic model to calculate the dynamics of
magnetic recording media, focusing on the exchange coupling, the heat assisted
magnetic recording process and exchange coupled composite media.
In a recording media, since the grain size is reduced to very small and so is
the spacer between the grains, the exchange coupling between the small grains
cannot be neglected. In fact, exchange coupling is important in the design of
magnetic media, since it can compensate to some extent for the effects of the
demagnetising field. Chapter 3 studies the exchange coupling in granular CoPt
recording media, both the indirect exchange coupling between the CoPt grains
and a capping Co layer, and the direct exchange coupling between the CoPt
grains via intermixing CoPt atoms among the spacer between grains.
Chapter 4 describes the heat assisted magnetic recording (HAMR) process of
FePt grains which aims to solve the trilemma in a recording media by lowing
the coercivity by laser heating. We focus on the field cooling process, to study
several critical factors effecting the reversal process: the temperature, the cooling
time, the applied field, and the grain size.
Chapter 5 is about the reversal processes of exchange coupled composite
FePt/Fe bilayers, as well as a heat assisted magnetic recording process on the
exchange coupled composite bilayers.
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Finally a conclusion is given, summarising the research results and physics
we studied through the thesis.
2. Atomistic Modelling Methods
In the previous chapter, we outlined the origin of magnetism and the basic
properties of magnetic materials, as well as the application and aim of magnetic
films with perpendicular anisotropy. This chapter will discuss the detailed
modelling methods, including mathematical and computational methods.
In order to better understand the detailed magnetic properties and behaviour
of magnetic materials which have present or potential application in data storage
industry, a frame of atomistic magnetic modelling has been developed and is
advancing rapidly due to improved methodology and improved computational
power. In the last couple of decades, micromagnetic simulation has given
a general frame of magnetic dynamics [10]. However, the micromagnetic
method has several limitations originating in its phenomenological assumption
of a continuum vector magnetic field, as well as limiting the resolution to a
lengthscale of several nm: much longer than the lattice spacing. As a result, the
exchange energy cannot be calculated exactly, and a continuum approximation is
applied. An atomistic spin model can overcome these limitations by treating the
spin moments in magnetic solids, so as to give the detailed magnetic properties
and to be able to simulate ultrafast spin dynamics, with finite temperature and
complicated spin structures such as antiferromagnet and spin glass.
2.1 Heisenberg Exchange Model
The basic background of atomistic modelling is assumption of one spin on
each crystal atom site. The exchange coupling between spins is taken into
account by using a Heisenberg exchange model [11], which takes into account the
direct exchange interaction between one spin and its nearest neighbouring spins.
The Heisenberg model is derived from the Heitler-London quantum theory
[12] calculating the total energy of two interacting electrons on neighbouring
atom sites. The Heitler-London approach assumes the wave function of two
electrons can be obtained by a linear combination of the wave functions of the
two electrons, respectively. Heisenberg took this approximation and applied to
two interacting atomic spins on neighbouring sites in a solid. The Heisenberg
Hamiltonian of two interacting spins has the following form:
HHeisenberg = −2JijSi · Sj (2.1)
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Where Jij is the Heisenberg exchange constant between a spin i and its nearest
neighbouring spin j. Si and Sj are the spin moments of the spins i and j. The
exchange constant Jij is mainly depending on the distance between atoms.
2.2 Spin Dynamics
The spin dynamic is described by the Landau-Lifshitz-Gilbert equation [13, 14],





[S×Heff + αS× (S×Heff)] (2.2)
Where S is the normalised spin moment of an atom, and Heff is the effective field
acting on the spin moment. γ is the gyromagnetic ratio, and α is the Gilbert
damping constant. Eq. 2.2 describes the movement of a spin moment around the
effective field. There are two parts of the motion in the right side of Eq. 2.2: the
first part −S × Heff describes the precessional motion of a spin around an axis
which points to the direction of the effective field, and the direction of this torque
is perpendicular to the S−H plane to force the precession of the spin, shown in
Fig. 2.1(a). The second part −S× (S×Heff) stands for the spin relaxation, and
the direction of this torque points from S to H, pulling the spin into the direction
of the effective field, shown in Fig. 2.1(b).
(a) Sketch of spin precession (b) Sketch of spin
relaxation
Figure. 2.1: (a):Spin precession around the effective field, −S × Heff is
perpendicular to the S − H plane. (b): Spin relaxation, −S × (S ×
Heff) points from S to H.
The Gilbert damping constant was proposed by T.L.Gilbert in 1955 [14], to
replace the previous phenomenological damping constant in Landau-Lifshitz
equation. The dimensionless damping constant is a characteristic material
parameter. For experimental measurements by such as ferromagnetic resonance
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(FMR), the damping constant is not well understood by theory research. Mo. et
al [15] mentioned several factors giving contribution to the damping constant:
inhomogeneity line broadening and two magnon grain boundary scattering have
large contribution to the standard half power linewidth. A relatively small and
materials consistent magnon electron scattering term and the corresponding α
value only give a small back-ground intrinsic contribution to the damping.
In Eq. 2.2, the pre-factor of two torque terms are f1 = γ/(1 + α2) and
f2 = αγ/(1+ α2), where γ is a constant. These two pre-factors effect the different
two parts of motion of a spin. Fig. 2.2 shows the changing of these two pre-











Figure. 2.2: Pre-factors in Eq. 2.2, f1 = γ/(1 + α2) and f2 = αγ/(1 + α2), as a
function of damping constant α.
f1 decreases, causing the precessional motion of the spin slow down. While f2
increases with the increasing damping, and this results the relaxation of the spin
faster to the effective field. Fig. 2.3 shows a test of a single spin relaxation at
different damping constant. The spin is initially aligned in x-y plane at S0(0.707,
0.707, 0.0). An applied field is along z-direction. Anisotropy and exchange are
not considered. Therefore the spin precesses around the z axis. For very small
damping α = 0.01 in Fig. 2.3(a), the spin components in x-y plane relax very
slowly, up to 0.1 nanosecond the spin still has not approached the z direction.
Fig. 2.3(b) shows a larger damping α = 0.1, with which the spin relaxation
finished in tens of picoseconds. For very large damping, such as α = 1.0 in




























Figure. 2.3: Spin relaxation at different damping constant
Fig. 2.3(c), the spin relaxes extremely fast, around several picoseconds. If the
damping continuous to increase, the relaxation will reduce eventually because of
the Gilbert damping term in the LLG equation. The optimal reversal speed is for
α = 1.0. In this thesis, the damping constant is taken as 0.1, which is appropriate
for hard materials[16].
2.3 Spin Hamiltonian
The effective field Heff in Eq. 2.2 is the negative first order differential of a classic
spin HamiltonianH plus a thermal term Hth:
Heff = −∂H∂S + Hth (2.3)
The spin Hamiltonian contains the exchange term, the anisotropy term, the
applied term, and the demagnetic term. The spin Hamiltonian has the form:
H = Hex +Hanis +Happlied +Hdipolar (2.4)
2.3.1 Exchange Coupling
The first term in Eq. 2.4 is the exchange term, which uses the Heisenberg direct
exchange model, having the form:
Hex = − ∑
j∈Ni
JijSi · Sj (2.5)
Where Si is the spin moment on site i, Sj is the spin moment on site j, Ni
are the nearest neighbours of site i. Jij is the exchange coupling constant.
In a ferromagnetic material, Jij is a positive value, so that the two spins on
neighbouring sites will align parallel to minimize the exchange energy. In an
antiferromagnetic material, Jij is a negative value and the exchange energy will
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approach the minimum when neighbouring spins are anti-parallel. For different
crystal structures, the number of nearest neighbours of each spin is different. For
a simple cubic (SC) structure, the number of nearest neighbours is 6, body centre















Figure. 2.4: Hysteresis loops of a single spin with different Ku values at zero
Kelvin. An external field is applied along the direction of the
magnetocrystalline anisotropy, which is the easy axis. The applied
field and magnetization are both normalized.
The magnetocrystalline anisotropy used in this thesis is single ion uniaxial
anisotropy, which makes spins preferring to align along a certain magnetocrystalline
axis, the easy axis. Along the easy axis, each of the two opposite directions is
the minimum of energy, therefore the spins will align in either direction. The
anisotropy Hamiltonian has the form:
Hanis = −∑Ku(Si · e)2 (2.6)
Where Ku is the single-ion anisotropy constant per atom, Si is the spin moment,
and e the easy axis. For magnetic recording media such as L10 FePt, the
magnetocrystalline anisotropy is perpendicular to the film plane, and has a very
large value. The effect of the magnetocrystalline anisotropy is to give a so-
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called hysteresis in a M-H loop. A simple example of a single spin is shown in
Fig: 2.4. The magnetocrystalline anisotropy constant Ku increases the coercivity
in a hysteresis loop which represents the field where spin moment switches from
one minimum energy direction to the opposite one. The effect of anisotropy is to
increase the energy barrier between easy and hard axes and make it difficult to
switch the spin moments.
Figure. 2.5: Sketch of energy barrier without (a) and with an applied field (b)
2.3.3 Applied Field Term
The applied energy, or called Zeeman energy, is the effect of external magnetic
field Happlied acting on the magnetic moment S. The applied Hamiltonian has the
form:
Happlied = Happlied · S (2.7)
Where Happlied is applied field. In a classic energy barrier of a magnetic materials,
the effect of applied field is to reduce the energy barrier, to align the spins in the
same direction of the external applied field.
From the point view of energy barrier, the magnetocrystalline anisotropy
gives a symmetric energy barrier because along the easy axis the energy is the
minimum, and perpendicular to the easy axis is the maximum value of energy,
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shown in Fig. 2.5(a). In the meantime, if an external magnetic field is applied,
its effect is to break the symmetry leading to a preferred orientation in the field
direction.
2.3.4 Dipolar Term
The magnetic dipolar-dipolar coupling is a long range interaction between two
magnetic dipoles, or in an atomistic modelling system, between two spins. The
dipolar coupling energy between a moment mj and mk has the form:
Hdipolar = − µ04pir3jk
[3(mj · rjk)(mk · rkj)− (mj ·mk)] (2.8)
Where rjk and rkj are the unit vectors pointing from moment j to k, or from k
to j, respectively. rjk is the distance between the two moments. The effect of the
dipolar interaction is to demagnetize the magnetic system, therefore it also can be
called the demagnetization term. For a thin film or bulk magnetic material, the
magnetic material will be split into small volumes called magnetic domains, to
reduce the demagnetizing energy. The size of the magnetic domain is determined
by the competition between the domain wall energy and the demagnetizing
energy. In this thesis, we consider recording media, which generally consists
of single domain magnetic particles. Because the large values of anisotropy
considered, the internal demagnetisation field of individual particles is neglected.
2.3.5 Thermal Field
Thermal effects are taken into account by using Langevin Dynamics [17, 18],







where Γ(t) is a Gaussian distribution with a mean value of zero. α is the damping
constant, kB is the Boltzmann constant, and T is the system temperature in Kelvin.
γ is the gyromagnetic ratio, µs is the magnitude of the spin moment, and ∆t is the
integration time step [19].
The thermal field has an effect on the spin dynamics. Fig. 2.6 presents the
magnetization rotation of a single Co grain which has 5 nm in diameter and 5
nm thickness, in the x-y plane at different temperatures. The magnetization of
the single grain is initialized at x axis, and an external field as large as 1 Tesla
is applied at z axis. It can be seen from the in-plane magnetization at zero
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temperature, the magnetization rotates coherently, while at room temperature
300 K, the magnetization rotates coherently but has some fluctuations. When the
temperature is up to 800 K, the magnetization has larger fluctuations, while at









































Figure. 2.6: Temperature dependent magnetization dynamics in x-y plane.
In addition, the thermal effect also plays a role on the magnitude of the
magnetization. Fig. 2.7 shows the temperature dependent magnetization of
a single FePt grain, which is 5 nm in diameter and 5 nm thickness. The
magnetization reduces with increasing temperature and approaches zero at some
temperature, which is called the Curie Temperature, i.e. 690 K in Fig. 2.7.
The reduction of the magnetization originates from the disordering of the spins
arising from the increasing temperature, resulting in the reduction of total
magnetization which is the vector sum of all the spin moments.













Figure. 2.7: Temperature dependent magnetization of a single FePt grain,
grainsize=5 nm.
2.4 Hamiltonian of L10 FePt
Effective Spin Hamiltonian Model
The chemically ordered L10 phase of FePt has attracted much attention because of
its high potential application in perpendicular magnetic recording media, and it’s
therefore the main magnetic material used thorough this thesis. An L10 ordered
FePt is face centred tetragonal (FCT), with Fe atoms located on 8 corners and
centres of top and bottom faces, and Pt atoms on the middle level (Fig. 2.8(a)),
and this makes the chemical composition to be Fe:Pt=1:1.
An effective spin Hamiltonian model [20] based on first principles calculations
is used thorough this thesis, which effectively assumes uniform FePt atoms all
over the FCT sites with unit vector magnetic moment and anisotropy constant.
Therefore the atomic structure of FePt in Fig. 2.8(a) can be transferred to
Fig. 2.8(b), using uniform FePt atoms instead of Fe, Pt atoms on the FCT crystal
sites. The detailed magnetic parameters used for this uniform FePt atoms are
shown in Fig. 2.8.
The Hamiltonian of this generic model of FePt is as follows:
H = − ∑
j∈Ni
JijSi · Sj −∑Ku(Si · e)2 + Happlied · S (2.10)
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(a) L10 ordered FePt (b) Effective spin model FePt
Figure. 2.8: (a): schematic diagram of an L10 FePt unit cell. Fe atoms (red) locate
on 8 corners and centres of top and bottom faces. Pt atoms (blue)
are on the middle level. (b): schematic diagram of an effective spin
model of FePt, using uniform FePt atoms over all the FCT sites.
where the first term stands for the exchange term, the second term is the
anisotropy term and the third one is the applied field.
The thermal effect is also taken into account by using the Langevin dynamics
which is discussed previously. The magnetostatic term is also considered in
several calculations by using the mentioned dipolar-dipolar interaction. The
magnetic moment of a Fe atom is 2.38 ± 0.26µB, and 0.41 ± 0.04µB for Pt in a
L10 FePt [21]. For atomistic scaling modelling, we assume uniform atoms on
each FCT sites with a mean value of magnetic moment of 1.458µB, where µB is
the Bohr magneton.
The exchange coupling model used in L10 FePt is also a Heisenberg model,
which takes account the direct exchange coupling between nearest neighbouring
atoms. For a typical FCT structure, each atom in FePt has 12 nearest neighbours.
The exchange interaction parameter Jij = 3.0× 10−21 Joules per link [21].
The L10 ordered FePt has a very strong perpendicular magnetocrystalline
anisotropy, which is a key factor for the perpendicular magnetic recording media.
The anisotropy constant used in our calculation is 4.94× 10−23 Joules per atom.
2.5 Hamiltonian of CoPt
The spin Hamiltonian of CoPt is similar as FePt, also an effective spin mode,
assuming uniform CoPt atoms on the FCT sites, instead of individual Co, Pt
atoms in a L10 ordered CoPt. The magnetic moment of CoPt is 1.5µB, the
exchange constant Jij = 4.8 × 10−21 Joules, and the anisotropy constant Ku =
4.644× 10−23 Joules [22]. The number of nearest neighbours for one CoPt atom is
12 in a FCT structure.
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2.6 Integration Solution
The computational numerical method to solve the LLG equation is the Heun
method, which is modified from a Euler method to a two stage second order
Runge-Kutta method [23]. Firstly, Eq. 2.2 is rewritten:
∂S
∂t
(S, t) = − γ
1+ α2
[S×He f f + αS× (S×He f f )] (2.11)
An Euler step is then defined:




Where ∆t is the integration time step. The Euler method assumes linear value
of an ordinary differential equation at each integrated time step. At a Heun
corrected step:









(Seuler, t + 1)]∆t (2.13)
All the spins are integrated by using this Heun method, to perform a completed
time process.
In the integration, the time step ∆t is a fundamental parameter. On one hand,
smaller time step will give a more accurate solution of the differential equation.
On the other hand, using smaller time step will extend the total calculation time.
This value is related to the precession frequency which is determined by the
magnitude of the effective field Heff. For a larger Heff, the precession is faster
and a smaller time step is required. In this atomistic model, a time step of
∆t = 10−15 second is used, to approach the spin dynamics more accurately and
also to simulate the ultra-fast spin dynamics processes.
2.7 Conclusion
This chapter introduces the computational method used in this thesis. An
atomistic spin model is applied to calculate the spin dynamics by using the
LLG equation. A spin Hamiltonian based on Heisenberg model and Langevin
dynamics is also described. Furthermore, an effective spin model of L10 ordered
FePt is given to refer the parameters used thorough the calculations in this thesis.
In the following chapters, we use the atomistic model described in this chapter
to calculate the dynamics of magnetic recording media, focusing on the exchange
coupling, the heat assisted magnetic recording process and exchange coupled
composite media.
3. Control of the Exchange Coupling in
Granular CoPt Magnetic Recording Media
The exchange coupling between magnetic grains has an impact on the grain
reversal process and the coercive field of a magnetic recording media. In this
chapter, this inter-granular exchange coupling is studied. In the most common
situation, this exchange coupling can be varied by controlling the oxide thickness
between the grains. However, as the grain size is decreased, it is harder to control
the oxide thickness. One possible solution is to totally decouple the grains with
very thick oxide and apply a capping layer to get uniform coupling. In the first
section, a system of seven CoPt grains coupled with a continuous Co layer is
investigated using the atomistic model. There is no exchange coupling between
the CoPt grains which are just coupled by the Co layer. In the second section, in
order to directly study the inter-granular exchange coupling, a constrained Monte
Carlo method is used to study the intergranular exchange coupling by varying
the density of the atoms in the spacer between two grains and also the size of the
spacer. Furthermore, in the final section, seven CoPt grains with some doping
CoPt atoms in the oxide spacer between the grains is simulated. The coercivity
of this system is also calculated as a function of the density of the doping atoms.
This study on inter-granular exchange coupling might help to understand the
reversal process of the magnetic grains, and how such controllable exchange
coupling can also achieve long term thermal stability of data in high density
magnetic recording media.
3.1 Control of the exchange coupling in CoPt/Co
Bilayers
3.1.1 Introduction
In recent years, CoPt granular materials have attracted much attention because
of their strong (perpendicular) magnetic anisotropy and their application in
magnetic recording media [24, 25, 26, 27, 28, 29]. The magnetic properties of
CoPt films are affected by the exchange coupling between the grains, which
is generally controlled by varying the thickness of the oxide that is applied
as a spacer between the grains. Along with the rapidly increasing density of
magnetic recording at present, the CoPt grain-size decreases, which makes it
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harder to control the thickness of the oxide spacer between the grains. This can
lead to fully coupled and decoupled grains, which creates a wider dispersion
of magnetic properties and worsening of the signal to noise ratio. One possible
solution to this problem is to totally decouple the grains with a very thick oxide
and apply an exchange capping layer to achieve uniform exchange coupling.
So far, experimental work has been carried out in granular CoPt/Co[22] and
FePt/Fe [30, 31, 32] bilayers with perpendicular anisotropy, which has also
reported the impact of exchange coupling on coercivity and reversal processes.
In particular, theoretical work has been done by Goto et al.[33] and Asti et al [34]
by micromagnetic calculation. In this Chapter we study the granular CoPt/Co
bilayers using an atomistic spin model, which is able to show the detailed reversal
processes of the system, focusing on the impact of the exchange coupling on the
reversal processes and the coercivity of the system.
Figure. 3.1: The schematic diagram of the CoPt grains coupled with a continuous
Co layer. The ”larger system” in this chapter means the CoPt grains
are hexagonal columns with 5 nm diagonal in the hexagonal plane
and 5 nm thickness; the spacer between the grains is 1 nm. The
”smaller system” refers to the 3 nm diagonal and 5 nm thickness CoPt
grains, and the spacer is 0.5 nm.
Fig. 3.1 shows a schematic diagram of the coupled granular continuous
CoPt/Co bilayers. The granular layer contains 7 hexagonal grains, whose
thickness is 5 nm. The ”larger system” studied in this chapter means the diagonal
of the grains is 5 nm, and the spacer between the grains is 1 nm. The ”smaller
system” contains grains with 3 nm diagonal and 0.5 nm spacer between the
grains. The spacer between the grains is assumed to be SiO2 with no magnetic
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moment in this section. In the later sections, doping magnetic atoms in the spacer
will be considered, therefore this figure will also be used again in the later section.
The material of the grains is L10 ordered CoPt, with high uniaxial anisotropy
Ku = 4.644 × 10−23 Joules/atom and exchange parameter JCoPt = 4.8 × 10−21
Joules. The continuous layer is Co, whose uniaxial anisotropy is much lower:
Ku = 4.644× 10−25 Joules/atom, and the exchange parameter JCo = 4.2× 10−21
Joules. The simulation uses the atomistic model. The spin dynamics is calculated
by using the Landau-Lifshitz-Gilbert equation, the Hamiltonian is the effective
spin Hamiltonian discussed in Chapter 2. The saturated magnetic moment of the
effective CoPt is 1.5 µb, and the magnetic moment of Co is also 1.5 µb. According
to the Heisenberg nearest neighbouring model, the spins will only be coupled
with the ones on the nearest neighbouring sites. So the 7 CoPt grains are totally
decoupled with each other since there is a spacer larger than lattice constant
between the grains. The continuous Co layer is directly contacted to the grains,
so the exchange coupling between the grains and the continuous layer depends
on the interface exchange parameter Jij, which varies from 0 to 2.2× 10−21 Joules.
3.1.2 Reversal Processes
Fig. 3.2(a) shows typical hysteresis loops of the larger system with 5 nm grain-size
and 1nm spacer. The black-colour line presents the exchange coupled case, with
the interface exchange coupling parameter Jij = 2.2× 10−21 J. As a comparison,
the red-colour line shows the non-exchange coupled case where the interface
exchange coupling parameter is zero. For the non-exchange coupled case, two
obvious steps, left branch of the red line from -0.5 Tesla to -4 Tesla, and the right
branch from 0.5 Tesla to 4 Tesla, can be observed. In the meantime, several smaller
steps can also be found after the main large step. While for the exchange coupled
case (black line in Fig. 3.2(a)), there are no such obvious steps. The first large step
in the non-exchange coupled case originates from the reversal of the Co layer,
because the Co has a lower anisotropy and smaller coercivity. The remaining
smaller steps demonstrate the independent reversal of the CoPt grains, which
have no exchange coupling between each other or the Co layer. Furthermore, a
reduction in the coercive field has also been found: the coercive field is reduced
from around 4 Tesla to 2.6 Tesla.
Hysteresis loops of the smaller system have also been calculated, in Fig. 3.2(b).
Again, the black-colour line is the exchange coupled case, and the red-colour
line presents the non-exchange coupled case. More steps can be observed in
the non-exchange coupled case and the coercivity has also been reduced to
2.5 Tesla, compared to the larger system in Fig. 3.2(a). This result shows the
impact of thermal effects on the reversal processes and coercivity: the thermal


























(b) grain size 3 nm
Figure. 3.2: Hysteresis loops of CoPt/Co bilayers for different grain sizes.
Fig. 3.2(a) shows the hysteresis loops of both coupled (black) and
non-coupled (red) system with 5 nm grain size and 1 nm spacer.
Fig. 3.2(b) presents the hysteresis loops of both coupled (black) and
non-coupled (red) system with 3 nm grain size and 0.5 nm spacer.
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energy reduces the coercivity of the whole system and increases the dispersion
of the reversal field of each single grain. Furthermore, the hysteresis loop of the
exchange coupled case, the black line, is much more square and no steps can be
seen on the loop. The coercivity of the exchange coupled case is almost the same
as that in the larger system, around 2.6 Tesla. This is mainly because when the
grains are strongly coupled with a large continuous layer, the difference in the
grain size will not effect the coercivity too much, or in other words, the thermal




Figure. 3.3: Reversal processes of CoPt/Co bilayers, grain size=3 nm, with no
interface interaction.
In order to analyse the reversal process, a series of visualization figures of
the spin structures of the smaller system are created in Fig. 3.3 and Fig. 3.4. The
direction of the spins are presented by different colours. Blue means spin up
and red is spin down, while the lighter colour shows the intermediate states
between up and down. Fig. 3.3 shows the figures around the switching field
on the hysteresis loop the smaller system without interface exchange coupling.
Fig. 3.3(a) is the spin structure before reversal, so we can only see blue colour
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which means all the spins are in the +z direction. Fig. 3.3(b) presents nucleated
reversal in the continuous layer, which is the starting point of the reversal of the
continuous Co layer. Essentially the red areas indicate to the nucleation of some
domains. In Fig. 3.3(c) we can see a large red continuous layer, which means the
Co layer has reversed at this point. This point is also the starting point of the
large step on left branch of the red hysteresis loop in Fig. 3.2(b). Fig. 3.3(d) has
one red grain in the middle, demonstrating one of the FePt grains has reversed.
Afterwards, in Fig. 3.3(e) to Fig. 3.3(h), more and more grains turn to more red
areas, indicating reversal, corresponding to the smaller steps on the left branch
of the red hysteresis loop in Fig. 3.2(b). By Fig. 3.3(i), the reversal process of the
whole system has finished. It can be clearly observed in Fig. 3.3 that the Co layer
reverses initially and then the CoPt grains reverse independently when there is
no exchange coupling between the grains and the Co layer.
Fig. 3.4 shows the figures before and after the left switching field on the
black hysteresis loop in Fig. 3.2(b) of the smaller system with interface exchange
coupling Jij = 2.2× 10−21 J between the CoPt grains and the continuous Co layer.
The reversal process is very different from that of the non exchange coupled case
in Fig. 3.3. From Fig. 3.4(a) to Fig. 3.4(f), only some little red and lighter colour
spots can be seen in the blue system, referring to the nucleation of some domains.
In Fig. 3.4(g), we can see a very clear domain wall on the upper corner of the
system. Afterwards this domain propagates rapidly; in Fig. 3.4(h), five of the
seven CoPt grains have reversed, in the meantime, the Co layer is also partly
reversed. This domain propagates further until finishing the whole reversal
process in Fig. 3.4(i). In this case, the grains reverse almost simultaneously and
domain walls also appear in the Co layer. This phenomenon shows that the
exchange coupling between one grain and the Co layer can be transmitted to
its neighbouring grains.
3.1.3 Control of the Exchange Coupling
Varying the Interfacial Exchange Constant
As seen in Fig. 3.2, Fig. 3.3 and Fig. 3.4, the exchange coupling between the CoPt
grains and the Co layer has an impact on the coercivity of the whole system and
the reversal processes of the grains. However a detailed analysis of the effect
of the exchange coupling parameter on the coercivity is still lacking. Therefore,
in order to study the impact of exchange coupling thoroughly, the coercivities
of both the larger and smaller systems as a function of the exchange coupling
parameter Jij between the grains and the Co layer have been calculated. The
interface exchange coupling parameter between the CoPt atoms and the Co atoms




Figure. 3.4: Reversal processes of CoPt/Co bilayers, grain size=3 nm, with an
interface interaction of Jij=2.2e-21 Joules.
Jij varies from 0 to 2.2 × 10−21 Joules. The results are shown in Fig. 3.5 for
both systems. Consider first the larger grain system. A very sharp decrease
in coercivity is found for relatively small values of the exchange leading to
a minimum in the coercivity which increases to a constant value as Jij tends
to the bulk value. Similar behaviour was observed by Garcia-Sanchez et al
[35] in studies of soft/hard layers. The soft Co layer is too thin to support a
perpendicular domain wall, and as a result an exchange-spring mechanism is
unlikely [36]. This is supported by the fact that the coercivity minimum seen in
Ref[35] is also predicted by two-spin models such as that of Victora and Shen
[37]. In our case the reversal starts with the nucleation of an in-plane domain
which propagates causing reversal of the CoPt grains. At higher values of the
exchange the propagation of this domain wall is inhibited by the CoPt grains,
and so the coercivity reduction is less pronounced. In the case of the smaller
grain-size system, the change of coercivity with Jij is much less pronounced. This
is attributed to the effects of thermal activation, which is not considered in the
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previous models. Even for Jij = 0, Hc is reduced relative to the larger grain
system due to thermal effects.
As Jij increases the behaviour tends to that of the larger grain system,
presumably because the stronger exchange coupling is increasing the energy





















Figure. 3.5: Coercivity at Room Temperature as a function of interfacial exchange
coupling constant Jij, for grain size of 5 nm (black) and 3 nm (red)
Varying the Capping Layer Thickness
Although the magnetic properties of a granular CoPt/Co bilayer can be controlled
by varying the interface exchange coupling parameters, in practice it is not
so easy to change the exchange coupling parameter. It is much easier to
control the thickness of the exchange coupling layer (Co layer in our system).
Therefore, studying the impact of the thickness of the exchange layer also
becomes important. The coercivity as a function of the layer thickness of Co
has also been calculated for different values of Jij for the larger system, as
shown in Fig. 3.6. For larger values of the exchange coupling, the decrease in
the coercivity as a function of layer thickness converges to a maximum rate.
For weaker exchange coupling, the effects are generally weaker, with a smaller
overall reduction in the coercivity and the reduction reaching a plateau at a
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thickness of 4 layers. The reversal mechanism involves the nucleation of a
perpendicular domain wall, followed by a propagation of the reversed volume.
For weak interlayer exchange coupling the insertion of a domain wall does
not significantly contribute to a coercivity reduction in the hard layer. Given
sufficient interfacial exchange any reversed domain in the capping layer can
penetrate the hard layer and initiate the reversal. The contribution of the layer
thickness to the reversal process is therefore determined by the ease with which
a domain wall is inserted into the capping layer. Given the low coercivity and
domain wall width of 20 nm (56 ML), this explains the limited reduction seen
in our calculations. We would expect a high-exchange plateau in the coercivity
reduction at the intrinsic coercivity of the soft layer (0.5 T). Nevertheless, a
decrease in the coercivity for larger layer thickness is expected, since once the
capping layer thickness is greater than the DW width, the non-collinear reversal
will show a further reduced coercivity. For the strongly coupled case, it is
intriguing that the coercivity of the system can be so easily controlled simply

























Figure. 3.6: Coercivity at Room Temperature as a function of the number of Co
monolayers, for different interfacial exchange coupling constants.
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3.1.4 Conclusion
In summary, an atomistic model has been used to simulate the effects of a
soft capping layer on the reversal process of CoPt grains. We have found that
the addition of a coupling layer reduces the coercivity of the system, and that
smaller grain-sizes show a lesser decrease of the coercivity due to greater thermal
fluctuations. Furthermore, we have demonstrated the effect of capping layer
thickness on the coercivity of the system, and its ability to easily control the
coercivity of the system.
3.2 Study of the Direct Intergranular Exchange
Coupling
In previous study, we have assumed the CoPt grains are decoupled with each
other by using a very thick non-magnetic oxide spacer and study the indirect
inter-granular exchange coupling via the capping ferromagnetic layer. While in
more realistic situation, there is always inter-granular exchange coupling and
this effects the magnetic properties a lot. In this section, a direct inter-granular
exchange coupling is studied by randomly doping some ferromagnetic atoms
into the non-magnetic spacer. The density of the doping ferromagnetic atoms can
be varied to change the effect of the inter-granular exchange coupling.
3.2.1 Monte Carlo Calculation of Exchange Coupling Between two ferromagnetic
grains
In order to study the exchange coupling between two ferromagnetic grains, a
Constrained Monte Carlo method is used to simulate the exchange torque and
the exchange energy of the interlayer atoms between two grains. Fig. 3.7 shows a
visualization figure of two constrained layers, one of which is fixed in the +z
direction (Magnetic Layer 1 in Fig. 3.7), another is constrained at an angle θ
varying from 0◦ to 180◦ (Magnetic Layer 2 in Fig. 3.7). Some free ferromagnetic
atoms are added randomly into the spacer between these two layers, both of
the density of the doping atoms and the thickness of the spacer can be varied.
According to the Heisenberg Exchange Model, the exchange field will only arise
from the nearest neighbouring atoms, so the interlayer exchange coupling can be
controlled by varying the density and thickness of the spacer. The two magnetic
layers are constrained at a fixed angle. The doping atoms within the spacer are
free, their anisotropy is assumed to be zero. The Monte Carlo method has no
external field applied. For the calculations in Fig. 3.8 and Fig. 3.9, thermal effect
is not taken account into, so temperature in these two figures is also zero.













Figure. 3.7: Visualization figure of two cubic ferromagnetic grains coupled by
doping ferromagnetic atoms in the spacer. All the spins in Magnetic
layer 1 are constrained to the +z direction. Magnetic layer 2 is
constrained at the direction with an angle θ = 0◦ to 180◦ from the
+z direction. The doping atoms are randomly added into the spacer
between the two layers, and the density of the doping atoms can be
varied from 0% to 100%.
A constrained Monte Carlo [38, 39, 40, 41, 42] is used to calculate the exchange
energy of the doping atoms between the two layers. In a Monte Carlo algorithm,
it is generally assumed one spin Si having a random tiny move δ, causing the









Additionally, move another spin S′j = Sj + δj, chosen such that there is no change
in the overall magnetisation direction and calculate the energy change:
∆Ei,j = ∆E(Si, S′i) + ∆E(Sj, S
′
j) (3.2)
Furthermore, in a constrained Monte Carlo calculation, as the two layers are
constrained at some angle, only the impurity atoms between the two layers can
rotate, the free energy of the free atoms can be calculated from the restoring
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Figure. 3.8: Restoring Torque as a function of the constrained angle of Magnetic
layer 2 in Fig. 3.7, for different density of the doping atoms between
two layers.
Fig. 3.8 presents the restoring torque as a function of the constrained angle of
Magnetic Layer 2 in Fig. 3.7, for different density of the doping atoms between
two layers. The thickness of the spacer between the two layers (Fig. 3.7) is 5 nm.
It can be seen for lower density of the doping atoms between the two layers,
such as 20% or less, the restoring torque is zero for all the angles varying from
θ = 0◦ to 180◦. This is because of the Heisenberg direct exchange mode, only
the exchange interaction from the nearest neighbours are taken account into the
calculation. We can interpret the data in terms of ’exchange chains’ although the
density of atoms my be below the 3D percolation limit, the intergranular layers
are so thin that it is possible that a number of chians will exist which connect
the grains via exchange coupling. When the density of the doping atoms is low,
such exchange chains crossing the thickness of the film are unlikely, so that the
effective exchange coupling between the two layers is weak. For higher density, it
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can be seen that the restoring torque increases linearly with the angle of Magnetic
Layer 2, and the rate of increase depends on the density of the free atoms. In other
words, the higher the density, the larger the gradient. This can also be explained
by the effective exchange coupling between the two layers: if the exchange is
strong, the restoring torque should be proportional to the angle between the two
layers, which is θ of Magnetic Layer 2 in Fig. 3.7.
The free energy of the system is an integration of the restoring torque over
all the angles. From Fig. 3.8, it can be seen that the restoring torque depends on
the density of the doping atoms for certain thickness of the spacer. Naturally we
would like to know how the spacer thickness effects the exchange coupling. In
order to understand the thickness effect, the exchange energy has been calculated
by integrating the restoring torque of all the doping atoms in the spacer as a






































Figure. 3.9: Exchange energy as a function of the number of the monolayer of the
spacer between Magnetic Layer 1 and Magnetic Layer 2 in Fig. 3.7,
the curves in different colours referring to varying density from 10%
to 100% of the doping atoms within the spacer.
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Fig. 3.9 shows the exchange energy as a function of thickness, for density of
the atoms varying from 10% to 100%. Again, for very low density of the doping
atoms such as 10%, only when the spacer is one monolayer, there is exchange
coupling. We can interpret the results in terms of ’exchange chains’ which
represent a percolation across the thickness of the film. Because the film is thin,
percolation might be expected to occur at densities lower than 3-D percolation
limit. This can be understood for one monolayer spacer, if some atoms are added,
the exchange chains coupling the two grains can be established and therefore the
exchange coupling is not zero. However, when the spacer thickness is increased,
the exchange chains are too short to link the grains. So the darkest blue curve in
Fig. 3.9 only has the non zero data at 1 monolayer and all the values of exchange
energy for more monolayers are all zero. This exchange chains theory can also be
used to explain the decrease of the exchange coupling with increasing thickness
of the spacer for higher density. We can interpret the result s of Fig. 3.8 in terms



























Figure. 3.10: Exchange energy as a function of temperature, for different number
of monolayers of the spacer, varying from 1 to 6 monolayers.
Last but not least, thermal effects are introduced into the exchange energy
calculation. Fig. 3.10 shows the temperature dependent exchange energy for
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different thickness of the spacer. For very thin spacer such as 1 monolayer, the
exchange energy decreases almost linearly from 0.095 J/m2 at zero Kelvin to 0.025
J/m2 at 900 Kelvin. While for thicker spacer, for 2 monolayers to 6 monolayers,
the exchange energy will decrease along with the increasing temperature, and
approaches zero at a particular temperature. The thicker the spacer, the lower
this particular temperature which always is lower than Tc. The temperature
dependent exchange energy illustrates the thermal effects on the doping atoms
within the spacer. The number of the nearest neighbours of the doping atoms is
less than those in the bulk because of the missing atoms. Therefore the exchange
is weaker within the spacer and so is the thermal stability. For thicker spacer, the
exchange chains do not couple the grains effectively relative to those in a thinner
spacer, so the exchange energy is lower at the same temperature and approaches
zero at lower temperature, compared to the thinner spacer.
3.2.2 Atomistic modelling of CoPt grains with doping magnetic atoms in the
intergranular layer
The Monte Carlo calculation gives a way to study the exchange energy between
two magnetic grains coupled by doping atoms within the spacer between them.
Furthermore, in order to understand how the inter-granular exchange coupling
effects the reversal processes and the coercive fields, an atomistic model is used
to calculate the spin dynamics of a granular system as shown in Fig. 3.11: 7 CoPt
grains are considered as in Fig. 3.1, however the oxide spacer is doped by some
ferromagnetic atoms. The grain size is 5 nm and 5 nm thickness, and the spacer is
1 nm. The density of the doping atoms varies from 0% to 100%. A LLG equation
is used to calculate the spin dynamics, using the Heisenberg exchange model to
calculate the exchange coupling, and also the thermal effect is taken account into
by using the Langevin dynamics.
Fig. 3.12 presents the coercivity as a function of the density of the doping
atoms at zero temperature. The magnetocrystalline anisotropy Ku of the doping
atoms varies from 0 to the bulk value. It can be seen that when the Ku of the
doping atoms is very small, such as zero, and those less than of 1× 10−23 Joules,
the coercivity curve shows a decrease to a value determined by the anisotropy
of the impurity atoms. While when the anisotropy of the doping atoms is
increased to 2.3 × 10−23 Joules, the coercivity as a function of density curve
decreases quickly to a minimum value at 30% and then increases slightly with the
increasing density of the doping atoms. For very high value of Ku = 4.6× 10−23
Joules, the coercivity maintains a very high value, larger than 7 Tesla and does
not vary with the density.
In order to look at the dynamics of the reversal processes of this system, we
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Figure. 3.11: The schematic diagram of the CoPt grains with doping magnetic



























Figure. 3.12: Coercivity at Zero Temperature as a function of the density of
the doping atoms in the spacer between grains, for different
magnetocrystalline anisotropy constants.
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choose (a): Ku = 0 and (b): Ku = 2.322 × 10−23 Joules (Fig. 3.13) to plot the
hysteresis loops. In Fig. 3.13(a), when the inter-granular exchange coupling is
weak (10%) since the density of the doping atoms is small (10%), a large step
can be found in the red colour hysteresis loop which refers to the reversal of
the doping atoms because of the smaller anisotropy. Afterwards the CoPt grains
reverse and exhibit a larger coercivity. For higher density, this difference between
two switching fields (doping atoms and CoPt grains) is reduced because the inter-
granular exchange is getting stronger. And this also results in a reduction of the
coercivity of the whole system. Fig. 3.13(b) shows the hysteresis loops of the
whole system with a higher anisotropy Ku = 2.322× 10−23 Joules of the doping
atoms. Again for the lower density such as 10%, a step is still obvious in the
red colour hysteresis loop indicating the reversal of the doping atoms, but the
switching field is larger according to the larger anisotropy of the doping atoms.
Furthermore the step decreases with the increasing density of doping atoms, as
well as the coercivity of the whole system. This originates from the stronger inter-
granular exchange coupling. For a density larger than 30%, the purple triangle
points in Fig. 3.12, the coercivity of the whole system increases a little, which
is because of the stronger anisotropy of the doping atoms changing the reversal
mode of the grains. The reversal of the grains starts with the nucleation of a
perpendicular domain which propagates causing reversal of the CoPt grains. At
higher values of the density, the nucleation and the propagation of this domain
wall is inhibited by the CoPt grains, and so the coercivity reduction is less
pronounced.
The thermal effects are also taken account into the calculation: Fig. 3.14
repeats the calculation in Fig. 3.12 but at room temperature. The thermal
effect is simulated by using the Langevin dynamics. Fig. 3.14 shows that the
thermal fluctuation reduces the coercivity for all the cases of different density and
anisotropy of the doping atoms. The decrease of the coercivity with increasing
density is more obvious for lower anisotropy such as Ku = 0, the coercivity
decreasing from 3.8 Tesla to 1.2 Tesla. While for Ku = 2.3 × 10−23 Joules, the
coercivity is reduced from 3.8 Tesla to 2.5 Tesla. However, for higher anisotropy
Ku = 4.6× 10−23 Joules, the coercivities at 10% and 100% are almost the same,
only with a fluctuation at 50% and 60%. This result shows the density of the
doping atoms with lower anisotropy will reduce the system coercivity at room
temperature and thermal effects can also be found in the calculation.
From Fig. 3.14, it can be seen that when the density of the doping atoms is
less than 0.4, the coercivity curve is flat and keeps a constant value. This is
because when the density is low, the exchange chains mentioned previously is
weak and can be easily destroyed by the thermal fluctuations. When the density
























































(b) Ku = 2.322× 10−23 Joules
Figure. 3.13: Hysteresis Loops for different density and anisotropy of the doping
atoms. (a): Ku = 0; (b): Ku = 2.322× 10−23 Joules

























Figure. 3.14: Coercivity at Room Temperature (300 Kelvin) as a function of the
density of the doping atoms in the spacer between grains, for
different magnetocrystalline anisotropy constants of the doping
atoms.
is higher than 0.4, the increase of the density has an effect on the coercivity
because the exchange chains transfer the inter-granular exchange coupling and
thus reduce the coercivity: for doping atoms with zero anisotropy, the coercivity
is decreased from 3.5 Tesla to around 1 Tesla; for a higher anisotropy, the decrease
of coercivity is less than that of zero-anisotropy; for a bulk value anisotropy, the
decrease of the coercivity is much less pronounced, and the coercivity increases
after the minimum at 0.5 and 0.6. This is because when the density is lower
than 0.4, the exchange chains are too weak to link the grains. When the density
is increasing, these exchange chains getting stronger, the coercivity is reduced
due to the thermal fluctuation on these exchange chains. However, because
the doping atoms has a very high anisotropy, when the density is continously
increasing, the coercivity is again increasing until the bulk coercivity at 1.0 when
the grains are connected to be a large bulk.
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3.2.3 summary
In this section, a Monte Carlo method is used to calculate the restoring torque and
the exchange energy of a system with two constrained magnetic layers coupled
by some free atoms within the spacer of the two layers, to find the exchange
coupling increases with the density of the doping atoms and decreases with the
spacer thickness. The temperature dependent exchange energy is also simulated,
indicating the thermal fluctuation has a larger effect on the exchange energy
especially for thicker spacer. Furthermore, an atomistic model is used to calculate
the hysteresis loops and the coercivity of a granular CoPt layer with doping atoms
between the grains. The density of the doping atoms will reduce the coercivity
of the whole system if the anisotropy of the doping atoms is small. It is worthy
to mention that when the anisotropy of the doping atoms is less than 1× 10−23
Joules, the coercivity can be reduced from higher than 7 Tesla to 2 Tesla with a
density of 60%.
3.3 Conclusion
In summary, this chapter studies the inter-granular exchange coupling in a
granular media. The first section gives a way to control the exchange coupling
through a continuous capping layer on a granular layer whose grains are
decoupled by very thick oxide spacer. The granular-continuous coupled system
shows optimised interfacial exchange parameter is important to recude the
coercivity. The second section calculates the exchange energy by using a Monte
Carlo method and also an atomistic model, to further understand the inter-
granular exchange by adding free ferromagnetic atoms into the spacer between
grains in a granular media. This results tell the nucleation of exchange chains is
the main resource of coupling between the grains.
4. Atomistic Modelling of Ultrafast Field
Cooling Processes of Magnetic Recording
Media
The reversal process during ultrafast field cooling is investigated by using an
atomistic model. The physics in the vicinity of the Curie Temperature of a
recording medium is studied by addressing the time, temperature and field
dependence. An analytical result also demonstrates that the HAMR process is
analogous to an ultrafast field-cooling process. In addition, a full HAMR process
is demonstrated by writing several bit transitions to a realistic granular recording
medium.
4.1 Introduction
The magnetic recording industry has been dramatically increasing in volume for
several decades. The main challenge in designing the magnetic recording media
is to overcome the magnetic recording trilemma, where increased recording
densities lead to the use of high anisotropy materials to achieve thermal stability,
because the volume of a single grains of the recording medium is getting smaller
due to the requirements of a higher areal density of TBit/in2 and beyond[43, 44].
Perpendicular magnetic recording using materials with very high perpendicular
magnetocrystalline anisotropy such as Iron Platinum or Cobalt Platinum aims to
long term thermal stability by maintaining a stable anisotropy-to-thermal energy
ratio KV/kBT at around 60. However, the large K gives rise to switching fields
beyond those achievable by a conventional write head.
Heat Assisted Magnetic Recording (HAMR) is a potential solution which uses
a laser as a heat source to reduce the coercivity of the medium during writing.
There are several critical problems worthy to be studied during the cooling
process when the laser is applied and switched off: heat delivery, endurance
and the reversal mechanism. Several engineering challenges relate to the light
delivery system. B. Challener, et al [45, 46], present a possible solution using
surface plasmons in their HAMR head to focus a light beam below the diffraction
limit. The complicated physics in vicinity of Curie Temperature (TC) has also been
studied in micromagnetic scale by the Landau-Liftshitz-Bloch (LLB) equation [47,
48, 49, 50, 51]. The existence of a so-called linear or elliptical reversal mechanism
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is also reported [52, 53]. However, how several factors in a HAMR process, such
as temperature, heating time, applied field and grain size, affect the recording
process, has not been deeply studied. In this chapter, an atomistic model is used
to simulate the field, time and temperature dependent reversal process, which
helps to understand the ultrafast magnetisation dynamics. Furthermore we also
simulate a magnetic write process, writing several bits of data to a realistic
granular recording medium.
4.2 Ultrafast field cooling processes of a heat
assisted magnetic recording medium
In a HAMR process, there are two stages during a laser pulse: the heating process
and the cooling process. In order to study the cooling process separately, firstly
we assume all the spins in a recording grain have been equilibrated from the same
temperature for long enough time. And then the grain is cooled down to room
temperature at different rates. In the meantime, an external field is applied to the
grain during the whole process. This research will tell us how the equilibrium
temperature, the cooling rate and the applied field effect the reversal of recording
grains.
A single FePt grain is firstly studied by using an atomistic model described
in Chapter 2, to investigate the magnetic properties during the HAMR process.
The grain-size is 5 nm (diameter) with a thickness of 8 nm which is close to the
size of real recording particle in application. The FePt-FePt exchange coupling
parameter is 3.0 × 10−21 Joules, and the magnetisation saturation is 2.38 Bohr
magneton (µB), and the perpendicular magnetocrystalline anisotropy parameters
is 6.622× 10−23 J/atom [54].
Fig. 4.1 shows typical hysteresis loops of a single grain at different temperatures.
The black line shows the hysteresis loop at zero temperature, from which it
can be seen at zero temperature, the saturation magnetisation is 1 (normalised
magnetisation value) and the loop is very square with a large switching field.
The blue line presents the hysteresis loop at room temperature (300 K). Both
of the magnetisation and the switching field are reduced: the magnetisation is
around 0.8 of saturation and the switching field is almost half of that at zero
temperature. When the temperature is increased to 650 K (red line), the saturation
magnetisation is reduced to 0.25 and the switching field is also reduced to very
small value (0.5 Tesla). From this result it can be seen, the temperature has two
effects on the grain, one is to reduce the magnetisation, and another is to reduce
the switching field. Generally the switching field is thought to be proportional to
the anisotropy constant of the grain, which is also temperature dependent.





















Figure. 4.1: Hysteresis loops of a single grain at three different temperatures: 0 K
(black), 300 K (blue) and 650 K (red).
The simulation results of M/MS and K/K0 is shown in Fig. 4.2: the magnetisation
decreases with the increasing temperature and reaches zero around Curie Temperature
(TC). The anisotropy decreases linearly with the temperature and no more data
















Figure. 4.2: The temperature dependent magnetisation M and
magnetocrystalline anisotropy K of a 5nm single grain. Points:
simulations results; Dashed lines: fitting curves
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For temperatures less than the Curie Temperature (TC), we fit the temperature
dependent magnetisation and magnetrocrystalline anisotropy by using a power
law function of temperature:
K(T) = m(T)3 (4.1)
where the temperature dependent magnetisation m(T) takes the form:
m(T) = (1− T
TC
)0.42 (4.2)
Combining Eq. 4.1 and Eq. 4.2, we get the temperature dependent K:
K(T) = (1− T
TC
)1.05 (4.3)
The fitting results demonstrate the anisotropy constant K is very linear with
temperature.
In order to simulate the statistical properties of the reversal process, we have
used a system of 124 non-interacting hexagonal grains as shown in Fig. 4.3. The
grain size is set at 5 nm and the material parameters are representative of FePt,
with a Curie temperature of 690K and uniaxial anisotropy such that KV/kBT =
60.
Figure. 4.3: Visualisation of the whole system.
A cooling process is simulated according to the time dependent temperature,
shown in Fig. 4.4:
T(t) = TR + (Tmax − TR) · exp(−t/τ) (4.4)
where TR is the room temperature (300 Kelvin), Tmax is the peak temperature
from which the temperature will be cooling back down to the room temperature.
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τ is the cooling time, which varies from 10 ps to 500 ps, and t is the real time.
The temperature is kept at peak temperature for a period of time (200ps) to make
sure all the grains start from the same random state. The temperature reduces
according to Eq. 4.4. The whole cooling process is continued for up to 1 ns. An
external magnetic field is applied in the opposite direction (−z direction) to the
initialized direction, with an angle of 5 degrees between z direction. This applied





















Figure. 4.4: Temperature performance for different cooling rates, according to
Eq. 4.4.
During this cooling process, several parameters become critical elements
effecting the magnetic reversal and other properties of the grains, such as the
applied field, the cooling time and the peak temperature. Therefore in the
following sections, we have varied these elements independently to study how
they effect the cooling process.
4.2.1 Applied Field
Firstly, the effect of applied field is studied. According to the thermal activation
law [18], the switching time is proportional to the exponential of ∆Etotal/kBT,
where Etotal(θ) = −MHVcos(θ) + KVsin2(θ). And ∆Etotal is the energy barrier. θ
is the angle between the magnetisation and the easy axis. The anisotropy energy
is symmetric and has a maximum at the hard axis. The field reduces the energy
barrier to reversal, allowing switching by thermal activation processes.







































































(c) Tmax = 800K
Figure. 4.5: The time dependent z component of the magnetisation with fixed τ =
100ps, varying Happ, for different peak temperatures: 630K (a), 660K
(b), and 800K (c).
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Fig. 4.5 presents the average of the z component of the magnetisation of all
the grains as a function of time, for different applied field: 0.1 Tesla (red lines),
0.4 Tesla (green lines) and 0.8 Tesla (blue lines). In Fig. 4.5, the cooling rate
τ = 100ps, and the peak temperatures are 630K (Fig. 4.5(a)), 660K (Fig. 4.5(b)),
and 800K (Fig. 4.5(c)), respectively. Fig. 4.5(a) shows the average magnetisation
of all 124 grains as a function of time, when Tmax = 630K and τ = 100ps.
For small applied field 0.1 Tesla, the magnetisation firstly decreases to 0.35 and
remains constant at this value during the first 200 ps because of demagnetisation
process and the applied field. It then increases and finally recovers back to 0.78
as the temperature cools down to room temperature. For Happlied = 0.4T, the
magnetisation is also decreased during the first 200 ps, to the lower value of 0.18.
Again the magnetisation goes back to higher value when the cooling process
starts. However, when the temperature is decreased to room temperature, the
magnetisation does not return to the starting value of 0.78 but to 0.4, which means
some of the grains are reversed in this case. When the applied field is larger, 0.8
Tesla, the decreasing curve of the magnetisation in the first 200ps passes across
the zero line, which suggests that during the equilibration process, the reversal
processes of the grains has started. When the temperature starts to decrease, the
magnetisation does not recover but decreases further to a saturation value -0.7.
In this case, it can be seen that more than half of the grains have reversed. It can
be seen the larger the applied field, the more the magnetisation is reversed. This
is because the applied field biases the energy barrier and forces the magnetisation
to align in the same direction as the applied field. The reversal process happens
during the first 200 ps time period, while the temperature is decreasing to the
room temperature. Once the temperature achieves the room temperature, the
magnetisation also approaches a flat value in the curve and no more grains
reverse further.
Fig. 4.5(b) presents the effect of applied field on a field cooling process when
the peak temperature is higher: Tmax = 660K, and the cooling time keeps the
same value τ = 100ps. Therefore, for the first 200 ps equilibrium process, the
temperature is higher and thus the magnetisation curves of both 0.4 Tesla and 0.8
Tesla cross the zero line, which means more than half of the grains have reversed
during this period. Therefore when the temperature starts to cool down from zero
time point, the magnetisations of both 0.4 Tesla and 0.8 Tesla fields are further
decreased to -0.58 and -0.78, respectively. However the magnetisation of 0.1 Tesla
case does not cross the zero line during the first 200 ps so it goes back to 0.2
after cooling down. Fig. 4.5(a) and Fig. 4.5(b) prove in a field cooling process, the
effect of a negative applied field is to decrease the magnetisation and reverse the
grains. Also the final average magnetisation of all the grains is depending on the
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first 200 ps equilibrium process: during which the reversal processes of the grains
has already completed for large field cases.
The average magnetisation in Fig. 4.5(c) is kept at zero during the first 200 ps
equilibrium process, because during this period the temperature is higher than
the Curie temperature of the grains. When the temperature is cooling down, the
magnetisation starts to reduce to negative values: more than half of the grains
have reversed for a higher peak temperature case. The effect of the applied
field is still to get more grains reversed and lower the magnetisation. When the
temperature is higher than TC, all the grains are completely demagnetised and
the magnetisation is zero. In this case if an external field is applied on the grains,
the energy barrier is biased by the applied field. Therefore the magnetisation of
the grains tends to align along the direction of the applied field. The larger the
applied field, the more grains reverse.
4.2.2 Cooling Rate
Fig. 4.6 compares the results of different cooling time τ, the applied field is 0.8
Tesla. Fig. 4.6(a) and Fig. 4.6(b) present the average magnetisation as a function
of time, where the peak temperature Tmax = 630K and Tmax = 660K, respectively.
It can be seen for both figures, the magnetisation starts to reverse to a negative
value during the first 200 ps equilibration process. When the temperature starts
to cool down to room temperature, the magnetisation is further decreased to
the same saturation value at different rates, which is depending on the different
cooling time τ. This result proves the reversal process has been completed in the
equilibration period, the number of reversed grains is the same in each case.
Fig. 4.6(c) shows a different result. First the magnetisation is kept at zero
during the equilibrium process because of demagnetisation at a temperature
higher than TC. Afterwards, the magnetisation is decreased to different saturation
values at different rates. For short cooling time τ = 10ps, the magnetisation is
decreased to -0.58, which means not all of the grains reverse. However for a
slower cooling process τ = 100ps, the magnetisation is decreased to -0.78, almost
all the grains have reversed. It is also likely that if the τ = 500ps case is run
for a longer time to get the temperature cooled down to room temperature, the
magnetisation of the blue line will also be reduced to -0.78. According to this
results, the effect of the cooling rate is to give the magnetisation enough time
to climb over the energy barrier caused by the thermal activation when cooling
from TC. Since the peak temperature is 800K, the whole system is equilibrated at
a temperature higher than Curie Temperature (TC) and all the spins are thermally
activated at a random state. If the temperature is cooling down very quickly, there
is not enough time for the magnetisation of the grains to cross over the energy











































































(c) Tmax = 800K
Figure. 4.6: The time dependent z component of the magnetisation with fixed
Happlied = 0.8T, varying τ, for different peak temperatures.
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barrier between 0 degree to 180 degree. However for longer τ (100ps and 500ps),
the temperature is cooling down slowly, the magnetisation has longer time to
cross over the energy barrier so that more grains reverse. For cases whose τ are
10ps and 100ps, respectively, the 10ps case has a smaller negative Mz after the
temperature is cooling down back to 300K because less grains are reversed during
the faster cooling process. In addition, comparing the 100ps and 500ps cases,
more grains are reversed during the cooling process for τ=500ps case because of
the slower cooling rate. However the value of its magnetisation is slightly smaller
than 100ps, this is because the temperature is cooling down too slowly that the
temperature can’t go back to 300K so that the thermal energy is higher of this case
and results in a smaller magnetisation.
4.2.3 Peak Temperature
Furthermore, the average magnetisation for different peak temperatures has been
studied, shown in Fig. 4.7. The applied field is fixed at 0.8 Tesla, Fig. 4.7(a) shows
the results for τ = 10ps cooling from different peak temperature Tmax=630K (red
line), 660K (green line) and 800K (blue line), respectively. The magnetisation of all
the cases has been decreased to negative values after the cooling process, which
means most of the grains have reversed. Additionally, the average magnetisation
of 800K has the smallest value when saturated. In comparison, the magnetisation
of 660K is larger than that of 630K. According to this result, for the same applied
field and very fast cooling time, the highest peak temperature which is higher
than TC does not reverse the most number of grains, but the temperature lower
than TC does. This still can be explained by the completion of the reversal process
in the first 200 ps period when the peak temperature is lower than TC. The
higher the peak temperature, the more grains have reversed during this period.
However when the peak temperature is higher than TC, the magnetisation is
completely demagnetised to zero during this period, and all the grains are at
a random state. The reversal starts from the cooling process, while when the
temperature is cooled down very rapidly, there is not enough time for all the
grains to cross over the energy barrier, therefore the number of reversed grains is
less and the average magnetisation is smaller when cooling from above TC.
Fig. 4.7(b) and Fig. 4.7(c) present the effect of peak temperature on slower field
cooling process, with τ = 100ps and τ = 500ps, respectively. It can be seen, below
TC, the higher peak temperature has a larger magnetisation after cooling down to
room temperature. The disadvantage of temperature higher than TC is less for a
longer cooling time, because in this case, the random grains have longer time to
overcome the energy barrier and reverse. When the cooling time is as long as 500
ps, the final magnetisation has been decreased to almost the same value after the





































































(c) τ = 500ps
Figure. 4.7: The time dependent z component of the magnetisation with fixed
Happlied = 0.8T, varying Tmax, for different cooling times: (a) τ =
10ps; (b) τ = 100ps; (c) τ = 500ps.
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cooling process is finished.
In order to prove the assumption that the reversal process has been partly
completed during the first 200 ps time, we have calculated the average magnetisation
of 124 grains, when the temperature is kept at peak temperature (630K and
660K, respectively), under varied applied fields antiparallel to the direction of the
initialized orientation of the magnetic moment of the grains. Fig. 4.8 shows for
630K temperature and 0.1 Tesla applied field, the magnetisation does not reverse
during 1 ns time. While for 0.4 Tesla, the reversal happens at 400 ps and for 0.8
Tesla, the reversal happens at around 120 ps. For a higher temperature such as
660K, the reversal process has completed faster. In Fig. 4.9, the magnetisation
has been switched at 60 ps when the applied field is 0.8 Tesla, and 120 ps for 0.4
Tesla. And the reversal time is little longer, around 300 ps for 0.1 Tesla applied
field. These results demonstrate that during the first 200 ps period, the reversal
process has completed for appropriate applied field and temperature: for 630K,
a field as large as 0.8 Tesla is needed to finish switching in 200 ps time. While for
a higher temperature 660 K, both 0.4 Tesla and 0.8 Tesla are enough to switch the
magnetisation in the same time period. From this result it can also be estimated
that if the grains are kept at peak temperature with an applied field for long
























Figure. 4.8: Reversal time for grains when the temperature is kept at peak
temperature 630 K, under varied applied fields.
To sum up, when the peak temperature is lower than TC, the higher the peak
temperature, the more grains have been reversed. However when the peak
temperature is higher than TC, the cooling time will play an important role,
























Figure. 4.9: Reversal time for grains when the temperature is kept at peak
temperature 660 K, under varied applied fields.
to give the grains enough time reverse from random state to the direction of
the applied field. It is noted that this is an idealised version of HAMR since
in practice it is not possible to allow the system to equilibrate for 200ps in the
reversing field. Essentially this process allows sufficient time for reversal by
coherent rotation at relatively low temperature. Although not realistic for HAMR
is also allows comparison with a single semi-analytical model as shown in the
following section.
4.2.4 Grain Size
In order to study the performance of the field cooling process, a reversal





Where Nreversed is the number of the reversed grains, and Ntotal is the total grain
number. Fig. 4.10 presents the reversal probability as a function of grain size (the
diameter of the grain). The peak temperature Tmax=800K, and the applied field is
0.8 Tesla. The cooling time τ= 10 ps. The thickness of the grains is 5 nm and the
energy barrier KV/kBT is kept at 60. The diameter of the grains varies from 3nm
to 7nm. It can be seen the reversal probability is lower for smaller grains, around
0.76 for 3 nm grains. Afterwards it increases to 0.95 for 5 nm grains, and when the
grain size is increased to 7 nm, the reversal probability is 1. Evans, et al [9] has
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reported the probability psw that the magnetisation is switched into the correct
state by the field during the attempt is to write the information, Psw = (me + 1)/2,





where µ = MSV is the magnetic moment of the grain with MS the material
saturation magnetisation and V the particle volume. According to Eq. 4.6,
the reversal probability is proportional to the grain volume, which has a good
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Figure. 4.10: Probability of reversal as a function of the diameter of the grains.
τ = 100ps, Happlied = 0.8T.
4.2.5 Angular Dependent Reversal Probability
Fig. 4.11 shows the angular dependent reversal probability for 5 nm diameter
FePt grains, with different peak temperatures, the cooling time τ = 100ps, and
the applied field Happlied = 0.8 Telsa. For a lower peak temperature such as 630K,
the reversal probability increases when the angle is increasing from 0◦ to 10◦, and
then it slightly reduces when the angle is changing to 45◦. This result can be
explained by the Stoner-Wohlfarth model [55], which is a micromagnetic model
widely used for single domain particles, the total energy having the form:
E = K1Vsin2θ − µ0MSVHcosθ (4.7)
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Where the first term is the anisotropy energy and the second term is the Zeeman
energy. For small angle, the coercivity reduces with increasing of the angle,
therefore the reversal probability is increasing. When the angle is continuously
increasing, there is insufficient bias in the perpendicular direction - the µH/kT
[9] orient the magnetisation at a large angle, possibly lowering the reversal
probability. When the peak temperature is higher, such as 660K and 800K, the
difference of angle dependent reversal probability is less, because for the higher
temperature, linear reversal is the main mechanism during the reversal process,
and this reversal mode has less angular dependence. So the effect of angle, or the






















Figure. 4.11: Probability of reversal as a function of the angle between applied
field and the easy axis, for different peak temperatures.τ = 100ps
Happlied = 0.8T.
4.2.6 Semi-analytical Model
Fig. 4.12 shows the probability of reversal after the cooling process as a function
of applied field. The peak temperature is 800 K. The points are simulation results
which uses the atomistic model. According to Fig. 4.12, it can be firstly seen that
the applied field has the largest effect on the probability of reversal. The reversal
probability increases from 0.5 to almost 1.0 when the applied field is increasing
from 0 to 0.8 Tesla. Secondly, the effect of τ is apparent: the faster cooling process
with τ = 10 ps has lower reversal probability, and the slower cooling processes
with τ = 100 ps and τ = 500 ps have higher reversal probability. This is because
the reversal process happens during the cooling process, while the magnetisation
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is demagnetized at the first 200 ps equilibration process. In this case, the cooling
rate τ plays an important role in the reversal process, which decides whether the
magnetisation of the grains have enough time to cross over the energy barrier.






















Figure. 4.12: Probability of reversal after equilibration as a function of applied
field, for different cooling times.
We also use a master equation to fit the reversal probabilities for all cases,
which assumes the average time dependent magnetisation m(t) [56]:
m(t) = m0 − (m0 −m∞)[1− exp(−t/τN)] (4.8)
where m0 is the initial magnetisation, m∞ is the magnetisation at infinite time, and
τN is the characteristic relaxation time. This equation assumes the magnetisation
is an exponential function of the characteristic time, from the initial magnetisation





where µ0 is the permeability of free space, and µ is the magnetic moment, H is the
applied field, kB is the Boltzmann constant, and T is the system temperature. The
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where τ0 = 3 × 10−11s is the attempt time characteristic the material, and
∆E(T) = ∆(KV + µ0µH) is the height of the energy barrier. The anisotropy
constant K is also temperature dependent, and is a power function of magnetisation,
which is shown in Eq. 4.3 and Eq. 4.2.
In another work [57], this master equation works well with slower cooling
processes, but not fits good with a faster cooling process which τ = 10 ps.
This is because the master equation does not include the linear reversal mode
which allows a ultr-fast equilibration. The ultra-fast equilibrium magnetization
is important for the reversal probability as mentioned in Ref. [57]. However,
here in our system, we integrate the whole cooling process from the first 200 ps
equilibration process and afterwards 1 ns cooling process. The numerical results
(the lines in Fig. 4.12) agree with the simulation very well which demonstrates the
HAMR process is similar with an ultra-fast field cooling process. Here because
our system has a 200 ps equilibration process, which is long enough for a 800 K
peak temperature, all the grains starts from the same quilibration state and thus
the master works well for different cooling time.









Figure. 4.13: Sketch of the magnetic field and laser areas in a hamr head: the blue
square is the uniform magnetic field area, and the read round is the
laser heating area.
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A full HAMR process is simulated by using an atomistic model: a laser with
peak temperature close to Tc at the centre is applied to the magnetic recording
grains, which simultaneously, a magnetic writing head is also applied. The
recording media is created using a Voronoi structure, shown in Fig. 4.14. A
writing head is placed over the grains, with a laser and a uniform 25x50 nm
magnetic field. The laser has a Gaussian distribution in temperature, and the
distance between the laser centre and the field centre is 25 nm. The diameter
of the laser is 30 nm. A sketch is shown in Fig. 4.13. The central temperature
of the laser is higher than the Curie Temperature of the recording grains. When
the writing head is moving over the grains, there will be some grains which are
within the heating area, and if at the same time the applied field is reversed, the
grains can be switched. Fig. 4.14(a) to Fig. 4.14(f) show a sequence of images as
the write head is moved forward. The blue colour stands for spin up and the red
colour is spin down. From these figures it can be clearly seen that the information
(assuming spin-up is 1 and spin-down is 0) is recorded on the granular bits. The
spin-up or spin-down states can be controlled by the wave form of the electric
current in the coil which generates the magnetic field. In Fig. 4.14 the field is
taken as a square wave. From Fig. 4.14(f), it can be investigated that the bit size is
around 18x50 nm, so that the areal density can be obtained, which is around 0.7
TB/in2. Although this areal density is less than that has been reported in industry
recently, in this calculation mode, the bits size can be controlled by the laser area,
the magnetic field width, and also the head velocity. So it can be inferred it is not
difficult to get a higher areal density than the current results.
This full HAMR process is simulated to demonstrate that the atomistic model
works for a realistic writing process of recording grains. No detailed study has
been done yet, it only proves the capability of using this model for futher work
of recording processes.
4.4 Conclusion
In this work, an atomistic model is used to simulate a single FePt grain to get the
basic magnetic properties of this system, such as the hysteresis loop, the Curie
temperature and the temperature dependent coercivity. Furthermore a multiple
FePt grain system has also been investigated during a cooling process. Three
crucial factors: the peak temperature, the cooling rate, and the applied field
have impacts on the magnetisation and the reversal processes of the grains. The
results point out that higher peak temperature, longer cooling time, and larger
applied field will give a higher reversal probability, however, a peak temperature
higher than Curie temperature will reduce the reversal probability and thus is
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Figure. 4.14: Visualisation of a full HAMR processes to a realistic granular
recording medium
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unecessary. A semi-analytical approach was developed getting good agreement
with the simulation results, and this proves the HAMR process is analogous to
an ultra-fast cooling process which is controlled by the three factors. Both the
simulation and numerical results give the explanation of the reversal process and
how the three elements effect the reversal process.
5. Heat Assisted Magnetic Recording
Processes of Exchange Coupled Composite
Media
5.1 Introduction
Based on the results of previous chapters, it is known that perpendicular
magnetic materials have attracted much attention because the high perpendicular
anisotropy can maintain the energy barrier ∆E = KV/kBT at a large value,
such as 60, keeping the magnetisation stable for up to 10 years, in order to
realize high density recording. However, the so-called ”trilemma” is always
with the magnetic recording technique: the engineering compromise arising
from different requirements of writeability, readability, and stability. High K can
enhance the stability, but on the other hand, it will result in a large coercivity,
requiring a very large writing field which is beyond the ability of existing
writing heads. Therefore, an Exchange Coupled Composite (ECC) media is
created to reduce the switching field of a hard magnetic layer [58], such as L10
ordered FePt or CoPt, by coupling a soft layer, such as Fe or Co. Exchange
coupled composite materials have attracted much attention both experimentally
[59, 60, 61, 62, 63, 64, 65] and theoretically [30, 37, 58, 66, 67], because they can not
only reduce the coercivity of the recording grains, but also keep a higher thermal
stability for long term data storage.
In an ECC bilayer, several parameters of the two magnetic layers have been
studied since they are critical to the magnetic properties and effect the magnetic
dynamics process: the magnetic anisotropy [68], the thickness of each layer
[69, 70, 71]. However, the effect of interface exchange coupling has been less
reported, mainly because in experiment it is difficult to measure this value. In
this chapter, this interface exchange constant is investigated by using an atomistic
spin model, finding it has large impacts on the coercivity of an ECC bilayer and
also the reversal mode of the media at switching field. In this chapter, an L10
ordered FePt layer coupled with FCC Fe is used as the ECC media, where the
anisotropy of FePt is high and that of Fe is low, and the Curie Temperature of
FePt is lower than that of the Fe. It is possible that, since the coercivity of the hard
layer is reduced at elevated temperature, there may be some advantage of using
HAMR with ECC media. However, this requires the assumption that the ECC
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effect is still working at elevated temperature. In order to test this assumption, a
full HAMR process is also performed on this ECC media, in order to investigate
the reversal probability at some time scales.
5.2 Reversal Processes of an ECC FePt/Fe Bilayer
5.2.1 Interface Exchange Constant Dependent Switching Field of FePt/Fe bilayers
Firstly, an atomistic model is used to create an exchange coupled composite
FePt/Fe bilayer, where FePt is L10 ordered, and Fe is FCC structure. The magnetic
dynamics is calculated by using the LLG equation with a Heisenberg spin model.
The anisotropy of FePt atoms is KH = 4.9× 10−23 J, and that of Fe is KS = 0 J.
The exchange constant of FePt is JH = 3.0× 10−21 J, and for Fe JS = 4.2× 10−21 J.
The magnetic moment of the FePt atom is 1.458µB, and Fe is 2.2µB. The interface
exchange constant Jint varies from 0 to the value of FePt JH. The thickness of FePt



















Figure. 5.1: Interface exchange constant dependent coercivity of a 5nm FePt layer
coupled with 1 nm Fe layer at zero temperature.
Fig. 5.1 presents the coercivity of the FePt/Fe bilayer as a function of interface
exchange constant Jint at zero temperature. The coercivity has a minimum value
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when Jint = 5%JH. This result is unexpected: it was expected that if a hard layer
is coupled with a soft layer, the total coercivity of the bilayers will be reduced
monotonically to a value intermediate between the two layers. However, in
Fig. 5.1, when Jint = 0, HC = 7.25 Tesla and HK = 7.254 Tesla. Furthermore, when
Jint is increasing, the coercivity drops dramatically to 4.3 Tesla at Jint = 5%JH,
which is almost half of the maximum value. Afterwards, HC is increasing slowly,



















Figure. 5.2: Hysteresis loops of a 5nm FePt coupled with 1 nm Fe bilayers at zero
temperature.Jint=0 (black line), 5% (red line), and 100% (blue line) of
JH
In order to explain this result, we plot several hysteresis loops with different
Jint. Fig. 5.2 shows the hysteresis loops of FePt/Fe with different Jint=0 (black
line), 5% (red line), and 100% (blue line) of JH. It is easy to understand the
black line, Jint = 0, FePt and Fe are not coupled together, and they are two
independent layers. So their magnetisation is reversed at each switching field:
the soft layer is switched at 0.1 Tesla and the hard layer reverses at 7.4 Tesla. This
independent reversal also results in the two large steps in the loop, as well as
the large coercivity. The large slope in the black line is because the anisotropy
of the soft layer is set to be zero. The blue line is also easy to understand: when
Jint = 100%JH, FePt layer and Fe layer are strongly coupled together, so they have
to reverse at the same switching field, which is between the two values of hard
and soft layers. In the meantime, no steps are found in the blue line. For the red
5. Reversal Processes of an ECC FePt/Fe Bilayer 75
line, Jint = 5%JH, it is different from the other two cases: there are not very large
steps as the black line, and the loop is not as square as the other loops. It has two
small steps around the switching fields, and the curve across the switching fields
is more rounded.
Fig. 5.3 shows the angle of the average magnetisation with the easy axis. It
is assumed there is no domains in each layer. This assumption is suitable for
the 0% and 100% cases, but not for the 5% case. According to this result, it can
be assumed, when Jint = 5%JH, there is domain structure in the hard and soft
layers. And because of the nucleation and propagation of the domain structure,



















Jint=0, hardJint=0, softJint=5%, hardJint=5%, softJint=100%, hardJint=100%, soft
45°
Figure. 5.3: Angle between the magnetic moment and easy axis of the hard layers
(the solid lines) and the soft layers (the dashed lines). Jint=0 (black
line), 5% (red line), and 100% (blue line) of JH
According to the hysteresis loops for different Jint, it can be inferred that the
reversal modes of the FePt/Fe bilayers are different for different Jint. Before
seeing the visualization of the reversal processes, we plot the angle of the
magnetic moments of hard and soft layers around the switching fields in Fig. 5.3.
The magnetic moment of each layer is treated as an independent vector, whose
angle with the easy axis (+z direction) is plotted as a function of applied field.
The applied field is reduced from +7.5 Tesla to -7.5 Tesla along the z direction
(from right to left along the x axis in the Figure), so these are the left branches
in the hysteresis loops. For the black lines, Jint = 0, the angle of the hard layers
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suddenly changes from 0◦ to 180◦ at a large negative field, whereas the dashed
line, which is the soft layer, reverses at a field close to zero, which means the
reversal happens independently. For the blue lines, when Jint = 100%JH, the
two blue lines are identical, and the angle changes from 0◦ to 180◦ at the same
field. This is because the strong interface coupling makes the hard and soft layers
reverse together. However for the red lines, Jint = 5%JH, the two angles of hard
and soft layers start to reverse at the same field, around 3 Tesla. However, this
reversal is slower than those of Jint = 0 and Jint = 100%JH cases. They do not
change from 0◦ to 180◦ directly. Besides, the changing rates of the two angles
are different: the soft layer reverses faster first and slows down from 70◦, while
the hard layer slows down from 20◦. This means the soft layer starts to switch
first, indicating that it nucleates the reversal. And this different reversal processes
makes the small difference in the black lines.
In order to prove the assumption, we have plotted the layer resolved magnetisation
of the hard and soft layers, which represents the magnetic moment of each
atomic layer in the bilayers as a single averaged moment. Fig. 5.4 to Fig. 5.6
show the magnetic moment of each atomic layer in the FePt/Fe bilayers around
the switching field, which shows different reversal modes for different interface
exchange constants. Layer number 0 to 28 is FePt and layer number larger than






















Figure. 5.4: Layer resolved magnetisation of the FePt/Fe bilayers:Jint = 0
Fig. 5.4 presents the layer resolved magnetisation for Jint = 0. The y axis
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is the z component of the normalized magnetisation of each layer. It can be seen
before the switching field, Happlied = 0.00 Tesla, the magnetisation of FePt is 1 and
that of Fe is 0.7. This is because when the field is far away from switching field,
the FePt spins are maintained in the initial easy axis. However, the Fe exhibits
soft magnetic properties due to the magnetostatic which is taken account into
the calculation. When the negative field is increasing, the magnetisation of Fe
is negative, which means the soft layer has reversed while the hard layer stays
at saturation value. This status continues until the switching field of the hard
layer, at which the hard layer reverses. This reversal process is very quick, and
it is a coherent reversal process. This layer resolved magnetic moments reversal
process can explain the large steps in Fig. 5.2 and the sudden changing of the




























Figure. 5.5: Layer resolved magnetisation of the FePt/Fe bilayers:Jint = 5%JH
Fig. 5.5 presents the layer resolved magnetisation when Jint = 5%JH. The
colour box on the right shows the value of negative applied fields. It can be seen
that the soft layer starts to reverse earlier than the hard layer, and at around -3.9
Tesla, the soft layer has reversed. The reversal of the hard layer follows later,
so there is a discontinuity between the soft and hard layers. Also, in the hard
layer, the magnetisation of each atomic layer varies slightly. This small difference
does not cause a domain structure because the thickness of the soft layer is too
thin to support a domain structure. However this variation in the layer resolved
magnetisation proves the reversal process of the bilayers is not coherent. The soft
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layer switches first, and the exchange coupling makes the atomic layers of FePt
close to the interface rotate first and afterwards the rotation propagates to the
rest of the FePt atomic layers. This incoherent rotation is more obvious in Fig. 5.6
when the interface exchange coupling is stronger. Additionally, the reversal mode
for a weak interface coupling will result in a smaller coercivity, which can be






























Figure. 5.6: Layer resolved magnetisation of the FePt/Fe bilayers:Jint = 100%JH
Fig. 5.6 presents the strongly coupled FePt/Fe reversal process. The colour
box on the right also shows the value of negative applied fields. When Jint =
100%JH, the hard and soft layers are strongly coupled together. It can be seen that
the magnetisation of Fe initially starts to decrease when the applied field is -5.3
Tesla. Then the reduction of magnetisation spreads into the FePt atomic layers.
Especially when the applied field is -5.34 Tesla, the layer resolved magnetisation
curve crosses the zero axis. It can be inferred that the nucleation of magnetisation
rotation starts from the top atomic layers in Fe, because it has smaller anisotropy
and has a weaker coupling from surface, since an open boundary condition is
used in this model. This rotation later propagates to the FePt atomic layers and
completes the reversal process. Compared to the weaker interface coupling, the
discontinuity between Fe layers and FePt layers can not be found in this case.
Additionally, the reversal process with a stronger interface coupling is much
faster than the weaker interface coupling, from -5.3 Tesla to -5.35 Tesla, all the
arrows turn to the opposite direction immediately. This result demonstrates the
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sharp blue curve in the hysteresis loops in Fig. 5.2.
In order to more deeply understand the reversal processes of the FePt/Fe
bilayers, we have plotted the vectors of layer resolved magnetisation. Fig. 5.7
to Fig. 5.9 show the magnetic moment of each atomic layer in the FePt/Fe
bilayers around the switching field, which shows different reversal modes for
different interface exchange parameters. The red dashed lines specify the FePt/Fe




0.0T -1.00T -2.00T -7.36T -7.37T -7.38T -7.39T -7.40T -7.41T
Figure. 5.7: Layer resolved magnetisation reversal of the 5nm FePt coupled with
1nm Fe: Jint = 0%JH
Fig. 5.7 presents the independent magnetic switching of each Fe and FePt
layers when there is no interface exchange coupling. The arrows show the
orientations of the magnetic moment of each atomic layer. It can be seen when
the applied field is very small, the soft layer behaves more paramagnetically
because the anisotropy of Fe is set to zero in the calculation. After the soft layer is
reversed, the magnetic moments of Fe and FePt are opposite to each other, which
explains the large step in the hysteresis loop. This opposite state continues until
Happlied=7.36 Tesla, where the hard layer starts reversing. This reversal process is
very quick and coherent. This is responsible for the sharp drop at the switching
field in the hysteresis loop.
Fig. 5.8 and Fig. 5.9 show the reversal processes when Jint is not zero. For
a weaker interface coupling in Fig. 5.8, the coherent rotation nucleation field,
which is around -3.5 Tesla, is much smaller than the coercivity, which is around




-3.50T -3.60T -3.80T -4.00T -4.10T -4.20T -4.21T -4.22T -4.23T -4.24T -4.30T
Figure. 5.8: Layer resolved magnetisation reversal of the 5nm FePt coupled with




-5.25T -5.26T -5.27T -5.28T -5.29T -5.30T -5.31T -5.32T -5.33T -5.34T -5.35T
Figure. 5.9: Layer resolved magnetisation reversal of the 5nm FePt coupled with
1nm Fe: Jint = 100%JH
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-4.2 Tesla. The Fe and FePt layers reverse have a discontinuity at the interface,
which means the soft layer starts to reverse at a smaller field first, and then
the interface exchange coupling pulls the hard layer to reverse. In Fig. 5.9, the
coherent rotation nucleation field is higher, around -5.25 Tesla and closer to the
switching field. The soft and the hard layers are strongly coupled without any
discontinuity, and the coherent reversal is completed quickly at -5.35 Tesla.
From the previous calculation, it can be analysed that for different interface
exchange coupling, the reversal modes are different. The nucleation field of a
reversed domain in the soft layer is effected by the interface exchange coupling:
in Fig. 5.2, the points where the magnetisation starts to reduce determines this
nucleation field. It can be seen this nucleation field increases when the interface
exchange parameter is increasing, which is due to the contribution from the hard
layer. Furthermore, for small interface exchange coupling, the propagation of the
reversed domain in soft layer is inhibited by the hard layer, as shown in Fig. 5.7,
since it has very high magnetic anisotropy. When the interface exchange coupling
is increasing, the propagation of the reversed domain is encouraged into the hard
layer, shown in Fig. 5.8. This causes the a minimum value of the coercivity of
the bilayers. When the interface exchange coupling is as strong as in Fig. 5.9, a
coherent rotation reversal mode is established and thus the system coercivity is
increased.
To sum up, the coercivity of FePt/Fe bilayers is strongly dependent on the
interface exchange constant, which can be much reduced compared to the single
hard layer. For smaller exchange coupling the coercivity is reduced to a minimum
value at intermediate Jint. Incoherent rotation of each atomic layer is found in the
hard layer, and its nucleation and propagation decreases the energy barrier to be
crossed in a switching process and reduces the coercivity.
5.2.2 Free Energy Calculated by Constrained Monte Carlo Method
A free energy calculation using the Monte Carlo method is shown in Fig. 5.10.
The free energy has the maximum value at soft/hard θso f t = 0◦, θhard = 180◦,
or θso f t = 180◦, θhard = 0◦, when the soft and hard layers are opposite to each
other. This state has the highest energy because of the exchange coupling. To
discuss the free energy in a different aspect, Fig. 5.11 shows the gradient free
energy as a function of mZ. From Fig. 5.11 it can be seen that the coherent rotation
path is slightly higher than the minimum free energy, therefore two nucleation
fields are obtained according to the gradient of the coherent rotation path and the
minimum free energy. These are the coherent rotation nucleation field and the
fitted nucleation field. This result demonstrates the coherent rotation happens in
the hard/soft bilayers if the interface exchange coupling is strong. Note that this
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is the zero applied field case. It suggests that, although the coercivity is reduced,































Figure. 5.10: The free energy of 5 nm FePt coupled with 1 nm Fe: the interface
exchange coupling is Jint = 100%JH.
5.2.3 Effect of the Thickness of Soft Layer in ECC Bilayers
In order to study the effect of the thickness of soft layer and the interface exchange
with different thickness, we calculate the coercivity of the 5 nm FePt/x nm Fe, x
equals to 2, 3, 4, 5, 6, 7, 8, 9, 10 nm respectively, with varying interface exchange
parameters Jint.
Fig. 5.12 shows the coercivity of 5 nm FePt coupled with 2 nm Fe, as a
function of the interface exchange coupling Jint. Similar to the 1 nm Fe results, the
coercivity is decreased a lot by coupling to the soft layer. It drops to almost half of
the value of the single hard layer. The coercivity approaches the minimum value
when Jint = 20%JH, around 2.95 Tesla. When the interface exchange is increasing,
the coercivity of the bilayers also increases a little, to 3.05 Tesla. Compared to the
results of 5nm FePt/1nm Fe, the absolute value of coercivities of 2 nm Fe case are
smaller. Furthermore, the change of coercivity as a function of interface exchange
coupling has similar trend to the 1 nm Fe case: the coercivity decreases quickly
first to a minimum value and then increases slightly. However, the minimum
value for the 2 nm Fe case has shifted to Jint = 20%JH, and the difference between
minimum value and the value when Jint = 100%JH is less than for the 1 nm case.



















Coherent rotation nucleation field
Fitted nucleation field
Figure. 5.11: The gradient free energy of 5 nm FePt coupled with 1 nm Fe: the
















Figure. 5.12: The coercivity of 5 nm FePt/2 nm Fe bilayers as a function of the
interface exchange coupling Jint.



















Figure. 5.13: The hysteresis loops of 5 nm FePt/2 nm Fe bilayers with different
interface exchange coupling Jint.
Fig. 5.13 presents the hysteresis loops of 5 nm FePt coupled with 2 nm Fe, for
different interface exchange coupling: Jint=5 (black line), 20% (red line), and 100%
(blue line) of JH. For smaller interface coupling, the hysteresis curve has two
large steps which are the independent reversal processes of the soft and the hard
layers. And this independent reversal comes along with a high coercivity close
to that of the hard layer. For a middle value of interface exchange coupling, the
two steps are smaller, and the coercivity is reduced to a smaller value. This can
be explained by the reversal models discussed in the 1 nm Fe case. For a strong
interface exchange coupling, the hysteresis loop is very sharp, which means the
soft and hard layers are coupled together and the reversal is a coherent rotation.
This also brings a reduction in the coercivity, but not as much as the middle value
of interface coupling.
According to the previous hysteresis loops and the interface exchange coupling
dependent coercivity curve, when the soft layer is thicker, the nucleation field of
the reversed domain in soft layer is different from that of a thinner soft layer.
When the soft layer is 1 nm, the nucleation field for Jint = 5%JH is around 3.5
Tesla, however when the soft layer is increased to 2 nm, the nucleation field
for the same interface exchange value is decreased to 1.5 Tesla. For the same
value of interface exchange coupling, the contribution from the hard layer is
less announced if the soft layer is thicker. Here the coercivity is dominated by
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the interfacial pinning field which will be discussed later. This results in the
shift of the minimum coercivity in Fig. 5.12, and it can also be inferred that this
minimum value of the coercivity will disappear when the thickness of the soft


















Figure. 5.14: The coercivity of 5 nm FePt/3 nm Fe bilayers as a function of the
interface exchange coupling Jint.
Fig. 5.14 also studies the coercivity as a function of the interface exchange
coupling, for a thicker soft layer, which is 3 nm Fe. Similarly, the coercivity values
are smaller because of an enhanced effect of the soft layer. And the minimum
value of coercivity is also around Jint = 20%JH. However, after the minimum
value, the coercivity increases very slightly, and the difference between Jint =
20%JH and Jint = 100%JH is very small. This is because in a case of a thicker
soft layer, the nucleation field of rotation is smaller and the propagation of the
reversed domain is more exhibited. Therefore the difference of the coercivity for
different interface exchange coupling is less announced in the thicker case.
The hysteresis loops are also given in Fig. 5.15, for different interface exchange
coupling: Jint = 5%JH (black line), Jint = 20%JH (red line), and Jint = 100%JH
(blue line). Again, when interface coupling is as small as Jint = 5%JH, the
hysteresis curve has two large steps which are the independent reversal processes
of the soft and the hard layers. And this independent reversal results in a high
coercivity. For a middle value, such as Jint = 20%JH, the two steps are smaller,
and the coercivity is reduced to a smaller value. This can be explained by the



















Figure. 5.15: The hysteresis loops of 5 nm FePt/3 nm Fe bilayers with different
interface exchange coupling Jint.
reversal models mentioned earlier. For a strong interface exchange coupling
Jint = 100%JH, the hysteresis loop is very sharp, which means the soft and hard
layers are coupled together and the reversal is a coherent rotation. It also can be
seen that the difference between Jint = 20%JH and Jint = 100%JH is smaller than
for the thinner soft layers.
Furthermore, we have investigated a series of FePt/Fe bilayers. The FePt layer
is kept at 5 nm, while the Fe layer is varying from 1 nm to 10 nm. For Fe layers
thicker than 4 nm, we assume the minimum value of coercivity is when Jint =
100%JH, so the coercivity as a function of interface exchange coupling is not given
for thicker soft layers.
Fig. 5.16 presents the coercivity of the FePt/Fe bilayers as a function of the
thickness of Fe layer.The red circle points are the coercivity as a function of Fe
thickness when the interface exchange coupling Jint = 100%JH. The black square
points are the minimum coercivity of each thickness of Fe, which occurs, as
shown earlier, at a specific value of the interface exchange coupling parameter.
The coercivity decreases dramatically in the beginning: it drops from 7.2 Tesla for
single FePt layer to 5.3 Tesla when the Fe layer is 1 nm thick. And it continuously
decreases to 3 Tesla when the Fe thickness is 2 nm. Afterwards the coercivity
decreases slowly with the increasing Fe thickness, approaching 1 Tesla when
the Fe layer is 10 nm. In the meantime, the minimum value of the coercivity
5. Reversal Processes of an ECC FePt/Fe Bilayer 87
for each thickness of Fe is also calculated by varying the interface exchange
coupling, finding that for thinner Fe, the difference between the minimum value
of coercivity and the stronger coupling case is larger. For instance, the 1nm Fe
layer case, when Jint = 100%JH, the coercivity is 5.3 Tesla, while the minimum
value of coercivity is 4.2 Tesla when Jint = 5%JH. It can be seen when the
thickness of Fe is increasing, this difference of coercivity between Jint = 100%JH
and the minimum value is decreasing, which means the effect of interface
exchange is less important for the cases with thicker soft layer. When the Fe
layer is thicker than 4 nm, the coercivity does not change too much when the
interface exchange parameter changes. Therefore the value of Jint = 100%JH is
the minimum value.
According to a micromagnetic model [72], if the hard and soft layers are
strongly coupled so that the domain wall is continuous across the interface from
soft layer to hard layer, the coercivity should be:
HC = HHK ·
1− εKε J
(1+√ε Jεm)2 (5.1)
where εK = KS/KH, ε J = JS/JH, and εm = µS/µH. Using the parameters for
the hard and soft layers, we get HC = 1.23 Tesla, which is comparable to the
atomistic model if the thickness of the soft layer is large. This coercivity is called
Kronmuller-Goll value which is the dashed blue line shown in Fig. 5.16.
Fig. 5.17 shows the hysteresis loops of FePt/Fe bilayers for different Fe
thickness, the interface exchange coupling Jint = 100%JH. The colour box on the
right shows the thickness of Fe layer in nm. The FePt is still kept at 5 nm. First
of all, the switching field decreases when the soft layer gets thicker. Secondly, the
hysteresis loop is less square for thicker soft layer case. This shows the different
nucleation fields for each atomic layer when the soft layer is thicker and the
interface exchange coupling is not strong enough to couple both of the soft and
the hard layers.
To sum up the thickness effect, the effect of thickness of the soft layer in an
ECC media is to reduce the coercivity of the hard/soft bilayers. The interface
exchange coupling has a large effect on the coercivity. However, the thicker the
soft layer, the less the interface exchange coupling effects the coercivity.
5.2.4 Room Temperature
The same calculation of the bilayers has been performed at room temperature
(300 Kelvin), where the thermal effect is taken account into the atomistic scale
calculation by using the Langevin Dynamics. Fig. 5.18 shows the coercivity of














































Figure. 5.17: The hysteresis loops of FePt/Fe bilayers for different thickness of Fe
layer.


















Figure. 5.18: Interface exchange constant dependent coercivity of a 5nm FePt
coupled with 1 nm Fe bilayers at room temperature.
5 nm FePt coupled with 1 nm Fe as a function of interface exchange Jint at room
temperature. The results are similar to those at zero temperature, except for lower
coercivity at room temperature because of the thermal fluctuation. The coercivity
decreases dramatically for weak interface exchange coupling, when Jint = 5%JH,
the coercivity has the minimum value of 2.5 Tesla. And then the coercivity is
increasing back a little, to 3 Tesla when Jint = 100%JH.
From Fig. 5.18, the coercivity reduction is smaller at 300K than 0K, which
could be due to several reasons: 1. the reduction of the effective interface
exchange due to spin fluctuations at the interface, or 2. the reduction in Ms of
soft layer. These reasons are all related to the thermal effect, and therefore further
work is required to solve these problems.
The hysteresis loops are shown in Fig. 5.19. The loops show a reduction of
saturation magnetisation, which is around 0.8 because of the demagnetisation
caused by the thermal fluctuation at room temperature. The behaviour of each
loop is similar to that at zero temperature: for the black line when the interface
coupling is zero, two large steps can be found because of the independent reversal
of the soft and the hard layer. The coercivity is the same as a single hard layer.
For the red line, when the interface exchange coupling is 5%, the steps are not
apparent because of the thermal fluctuation, while the coercivity approaches the
minimum value. When the interface exchange is very strong shown in the blue



















Figure. 5.19: Hysteresis loops of a 5nm FePt coupled with 1 nm Fe bilayers at
room temperature.Jint=0 (black line), 5% (red line), and 100% (blue
line) of JH
line, no step can be seen in the curve, and the loop is quite square except for
some thermal fluctuation. The coercivity is larger than weaker interface coupling
case, but smaller than the no coupling case, consistent with the zero temperature
calculation.
The effect of the thickness of the soft layer has also been studied at room
temperature, as shown in Fig. 5.20. The coercivity is smaller than that at zero
temperature because of the thermal effect. It starts from 3.1 Tesla for 1 nm Fe layer,
and then decreases asymptotically to 1 Tesla when the Fe thickness is increased
to 10 nm. Compared to the result at zero temperature in Fig. 5.16, the thickness of
the soft layer in a hard/soft bilayers has a similar effect both at room temperature
and zero temperature, which is to reduce the coercivity.
Fig. 5.21 shows the hysteresis loops of FePt/Fe bilayers for different Fe
thickness at room temperature, the interface exchange coupling Jint = 100%JH.
The color box on the right shows the thickness of Fe layer in nanometre. The FePt
thickness is constant at 5 nm. Again, similar results can be found as in Fig. 5.17:
the switching field decreases when the soft layer gets thicker; the hysteresis loop
is less square for thicker soft layer case (more fluctuation can be found around
the switching fields). Besides, the saturation magnetisation is smaller because of
the thermal effect.















Figure. 5.20: The coercivity of FePt/Fe bilayers as a function of the thickness of
























Figure. 5.21: The coercivity of FePt/Fe bilayers as a function of the thickness of
Fe layer at room temperature, Jint = 100%JH.
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To sum up, according to the results at room temperature, the interface
exchange coupling still has a large effect on the coercivity of hard/soft bilayers.
It reduces the coercivity from 3.7 Tesla to 2.5 Tesla, which can be seen from
Fig. 5.18. Additionally, the interface exchange will reduce the coercivity most
when it has a smaller value, for instance less than 10% of the bulk exchange in
this system, rather than a very strong coupling. This is because for an appropriate
Jint value, the reversal mode of the bilayers is different from the strongly coupled
case. Furthermore, the thickness of the Fe layer also has the same effect on the
coercivity at room temperature, which is to reduce the coercivity at a rate which
is at most weakly dependent on the temperature.
5.3 Temperature Dependent Reversal Probability in
a HAMR process of ECC media
5.3.1 Cooling Rate Dependent Reversal Probability
After studying the reversal processes of ECC bilayers, the main aim of this
chapter is to apply the ECC media in a heat assisted magnetic recording process,
and to see if the ECC media has advantages. So we have performed a whole
field cooling process on ECC grains, which is 5 nm FePt coupled with 2 nm Fe,
and the interface exchange coupling Jint = 100%JH. The grain size is 5 nm, and
the total number of the grains is 100, there is no inter-grain exchange coupling
in the system. The results are compared to those of a single 5 nm FePt layer
[57]. The field cooling process is to apply an external magnetic field, which is
0.8 Tesla, opposite to the initial direction of the grains. In the meantime, a laser
pulse is applied to the ECC grains, which has the temperature variation shown
in Fig. 5.22. The temperature is assumed a Gaussian profile according to the
following equation:
T(t) = TR + (Tmax − TR) · exp(−t2/τ2) (5.2)
where TR is the room temperature 300 Kelvin. Tmax is the peak temperature,
which is varied from 300 Kelvin to 900 Kelvin, and τ is the cooling time (the pulse
width), which is varied from 10ps to 100 ps. We have calculated the reversal
probability by dividing the number of reversed grains over the total number of
grains.
Fig. 5.23 shows the reversal probability as a function of peak temperature
for different cooling time. The dashed lines are the results of the same cooling


















Figure. 5.22: Time dependent temperature: the peak temperature Tmax = 420K,
the cooling time τ = 100ps.
processes of single FePt grains (the same grain size and magnetic properties).
The points are the results of the ECC grains. Generally seen from the single
FePt grains, the longer the cooling time, the higher the reversal probability. For
the longer cooling time, heating over the Curie Temperature is not necessary.
However, even for a very high peak temperature, the reversal probability cannot
reach 100 percent. While for the shorter cooling time, the reversal probability is
lower for any peak temperature. Compare the ECC grains, for a shorter cooling
time, the reversal probability is much lower than that of the single FePt grains.
While for a longer cooling time, the ECC grains have slight advantages.
There are two types of reversal mechanism which should be mentioned:
precessional reversal and linear reversal [52, 53]. Precessional reversal is the most
common mode of reversal which can be described by the LLG equation, however,
this kind of reversal is slow. The linear reversal is much quicker, but requires a
high temperature close to TC. In the ECC bilayers, the FePt has a lower TC = 690
K and the Fe has a high TC around 1300 K. So for the ultrafast heating process,
the reversal modes of two layers are different. FePt has linear reversal when the
temperature is close or high than 690 K, but the peak temperature is much lower
than the TC of Fe, so Fe has precessional reversal. This means that the reversal
of FePt is quick but Fe is slow, and so for a short cooling time, Fe is difficult to
reverse and brings disadvantages to the reversal probability eventually.
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For the FePt/Fe coupled grains, for a shorter time, because the cooling time
is much shorter than the time required to complete a precessional reversal, so Fe
is more difficult to reverse. The exchange coupling between Fe and FePt leads
the FePt to recover in the direction of the Fe magnetisation, hence non-reversal of
the Fe leads to non-reversal of the FePt. This results in the worse performance of
FePt/Fe grains at a shorter cooling time. For a longer cooling time, Fe can finish
the precessional reversal process. The FePt magnetisation reduces rapidly to zero
and the combination of the applied field and exchange field from the Fe results























Figure. 5.23: 5 nm FePt/2 nm Fe ECC structured recording media: temperature
dependent reversal probability at different cooling time.
5.3.2 Effect of Interface Exchange Coupling and the thickness of soft layer on the
Reversal Probability
According to previous results, the thickness and the interface coupling are very
important in determining the reversal processes of an ECC media. We have also
calculated a field cooling process of a FePt layer coupled with a thicker Fe layer.
The cooling process is still performed on 100 exchange decoupled grains, which
are 5 nm FePt layer coupled with 5 nm Fe, and the interface exchange coupling
Jint = 30%JH. The grain size is still 5 nm. Fig. 5.24 shows the reversal probability
of this system, still compared to the single FePt grains. It can be seen, for a shorter
cooling time, the reversal probability is much lower than for the 2nm Fe layer,
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presumably because of the slower reversal of the larger Fe grains. In contrast, fro
the longer cooling time, the reversal probability is generally enhanced relative to
the 2nm Fe layer case. This is possibly due to the fact htat, for the longer cooling
time, the FePt/Fe has sufficient time to achieve the thermal equilibrium. In this
case, the reversal probability will be determined by the ratio of µH/kT for the Fe
grains, which determines the actual value of the Fe magnetisation [9]. A larger
Fe magnetisation would be expected to cause more reversal of the FePt due to an























Figure. 5.24: 5 nm FePt/5 nm Fe ECC structured recording media: temperature
dependent reversal probability at different cooling time.
To sum up, the ECC media has advantages in a field cooling process when the
cooling time is longer, while it does not behaves better when the cooling time is
shorter because of the longer thermal relaxation time of Fe, which makes harder
to reverse Fe, and then the exchange coupling forbids the FePt to reverse and
reduce the reversal probability.
5.4 Conclusion
An ECC material with a soft/hard bilayer structure has a lower coercivity
comparing to the hard layer. The interface exchange coupling between the soft
and hard layers plays an critical role in the reversal mode and also results in
the reduction of coercivity. A weak interface exchange constant will result in
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a minimum system coercivity, rather than a very large one. This is due to a
different reversal mode when the interface exchange is weak. The nucleation
of the rotation of the magnetisation in the soft layer which then propagates into
the hard layer is the main reason that reduces the coercivity. The thickness of the
soft layer also decreases the coercivity. In a field cooling process, the ECC media
has advantages when the cooling time is as long as 100ps, but disadvantages for a
shorter cooling time. This is because of longer thermal relaxation time of the soft
layer, which is harder to reverse itself and also the hard layer due to the interface
exchange.
6. Conclusions
In this chapter, the results of previous chapters will be considered and also
further research on the reversal processes of the magnetic recording media is also
discussed.
Inter-granular exchange coupling between CoPt grains
Intergranular exchange coupling is an important factor in the design of current
media, being introduced to partially counteract the effect of the demagnetising
field. Since the grain size of magnetic recording particles is decreasing and it
becomes harder to control the inter-granular exchange coupling, one approach
is to totally decouple the magnetic grains with a very thick oxide spacer, and
add a capping layer to uniformly control the exchange coupling. Therefore,
the interface exchange coupling between the grains and the continuous capping
layer has an essential effect on the magnetic properties of the system, as well as
the thickness of the capping layer. A sharp decrease in coercivity is found for
small value of interface exchange coupling leading to a minimum, after which
the coercivity increases to a constant value. This is due to the nucleation and
propagation of an in-plane domain wall which leads the reversal of CoPt grains
for smaller exchange, while for larger exchange, this propagation of the domain
wall is inhibited by the CoPt grains. For weak exchange coupling the coercivity
is reduced, whereas for strong coupling the reversal mechanism tends toward
coherent rotation and the coercivity consequently increase. In the meanwhile,
the thickness of the capping layer will reduce the coercivity and thus to vary
the thickness of the capping layer is also an effective way to control the system
coercivity.
Another method to control the inter-granular exchange coupling is directly
doping magnetic atoms into the spacer between recording grains. A Monte Carlo
method was used to calculate the restoring torque and the exchange energy of
a system with two constrained magnetic layers coupled by some free atoms
within the spacer of the two layers, to find the exchange coupling increases with
the density of the doping atoms and decreases with the spacer thickness. The
temperature dependent exchange energy is also simulated, indicating the thermal
fluctuation has a larger effect on the exchange energy especially for thicker spacer.
Furthermore, an atomistic model is used to calculate the coercivity of a granular
CoPt layer with doping atoms between the grains. The density of the doping
atoms reduces the coercivity of the whole system if the anisotropy of the doping
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atoms is small. Therefore, controlling the density of doping magnetic atoms in the
spacer between recording grains is also a way to control the exchange coupling
between grains.
Field cooling process of magnetic recording grains
Heat assisted magnetic recording is a possible solution to the so-called trilemma
problem in recording media. There are several crucial factors in HAMR which
effect the reversal processes: the temperature, the applied field and the heating
and cooling times. An atomistic model was used to simulate a single FePt grain
to get the basic magnetic properties of this system, such as the hysteresis loop,
the Curie temperature and the temperature dependent coercivity. Furthermore a
multiple FePt grain system has also been studied during a cooling process. The
effects of the peak temperature, the cooling rate, and the applied field have been
investigated. However, in the field cooling process, it is found that the initial state
is quite important. For further study, a semi-analytical approach was performed
obtaining good agreement with the simulation results, and this proves the HAMR
process is analogous to an ultra-fast cooling process which is controlled by the
three factors mentioned previously. Both the simulation and numerical results
give a good description of the reversal process and how the three elements effect
the reversal process.
Finally a complete HAMR process is performed by using a whole atomistic
model, to simulate a real HAMR heating and cooling process of multiple cording
grains with grain size distribution. A writing head which has a laser with a
Gaussian temperature and a uniform magnetic field is scanned over the grains.
By choosing appropriate parameters of the laser temperature and the applied
field value and also the distance between the laser and the field, when the head
is moving as a certain speed, it was demonstrated that the HAMR writing is
possible at for 5 nm grains at 0.7 Tb/in2.
Exchange coupled composite media
Exchange coupled composite media with a soft/hard bilayer structure is an
important recording media. Firstly, an atomistic model was used to simulate
the reversal process of the soft/hard bilayers at constant temperatures. At zero
temperature, the interface exchange coupling between the soft and hard layers
plays an critical role in the reversal mode and also results in the reduction of
coercivity. A constrained Monte Carlo method was also used to calculate the
free energy, giving more details about the reversal mechanism. Furthermore, the
soft layer thickness dependent coercivity was investigated, the increasing of the
thickness also decreases the coercivity. Similar conclusion is obtained at room
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temperature, the small differences from the zero temperature results are due to
the thermal effect.
Secondly, a HAMR heating and cooling process was performed on the
exchange coupled composite media with a soft/hard bilayer structure, since it
has a lower coercivity comparing to the hard layer, and also a higher Tc of the soft
layer resulting a better thermal stability. In a field cooling process, the ECC media
has advantages when the cooling time is as long as 100ps, but disadvantages
for a shorter cooling time. This is due to the different reversal modes of the
grains at different temperature. At a temperature higher than Tc, linear reversal
dominates, which is ultra-fast. At a lower temperature, precessional rotation
dominates, which takes longer time than the linear reversal. Therefore, for a
longer time, heating up to Tc is not necessary, and ECC media has a higher
reversal probability than the grains with only hard layer. For a time shorter
than the thermal relaxation time, heating over Tc is required to guarantee that
the linear reversal mode can switch the magnetisation. HAMR on ECC media
with a high TC soft layer relies on switching of the soft layer by precession. This
is a relatively slow process, as a result of which it is successful for clloing time of
around 100 ps, wherear a cooling time of 10 ps is insufficient to allow reversal.
As a result, no large increase in data rate is possible with this design.
Further Prospects
Based on the calculation using the atomistic model, there are several further
topics to work on following the current results. For the current model, a
generic spin model is used to simulate the L10 phase FePt and CoPt. However,
these two materials have more complicated structures and properties, such as
the long range exchange coupling rather than the direct exchange coupling of
the Heisenberg model. Furthermore, The interface exchange coupling has an
important effect on the magnetic properties of multi-layer structures, so a detailed
and accurate layered exchange constant calculation is needed, rather than the
uniform exchange constant used currently. The atomistic model is able to use the
parameters calculated from the ab-initial method to get a more accurate results, so
the connection between atomistic modelling and ab-initial calculation is worthy
to do in the future.
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